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The literature part goes over the discovery of frustrated Lewis pairs, and their use in catalysis to effect
hydrogenation. It spans the road from simple hydrogen activation to asymmetric hydrogenation of
substrates. The topic is limited to substrates with polar double bonds and amino- and
phosphinoboranes as catalysts.
The research comes in three parts. The first part was catalysis testing a newly found aminoborane in
hydrogenation reactions in mild conditions. This entailed relatively normal laboratory glassware:
Schlenk tubes and the Schlenk line to provide the inert gas atmosphere and of course the hydrogen
gas itself. The second and third part are concerned with catalyst synthesis. The second was
attempting to create Lewis acids in the image of the catalyst in the first part, to gain more insight of the
effects of the structure of the acid. The third similarly was concerned with creating a new variant of an
already existing catalyst to see whether minor tweaking of its structure might improve its performance.
For the second and third parts however, the synthesis was quite difficult, and catalysis was never
reached.
Based on literature it was found that adduct formation did not necessarily exclude hydrogen activation,
but that an equilibrium state was necessary for them to co-exist. However, sterically demanding
environment was no longer a requirement for both the acid and base. For the reversible reaction to be
feasible, the acid and base mustn't have too much affinity to their half of the hydrogen molecule. It
seems that the acid has more impact on the reversibility of hydrogen activation, and it may be possible
to modify an acid to make an irreversible activation reaction reversible. For enantioselective catalysis,
the catalyst itself must introduce the element of chirality to the system, so that it may favour one
orientation of the substrate over the other. Whether chiral or not, it seems clear that a hindered
catalyst will prefer unhindered substrates and vice versa. This allows us to choose an appropriate
catalyst for the substrate we have in mind. To that end, it is a good thing to have a spectrum of
catalysts: specific tools for specific jobs.
In designing new chiral catalysts, it seems one needs to consider how to implement the element of
chirality to the structure, the electronic and steric conditions, and the acidity and basicity of the acid
and base groups. Especially worth considering are the 4- and 6-membered rings that form in the
catalyst before and after hydrogen activation. 6-membered rings in the salt are especially worth
avoiding.
The catalysis testing yielded preliminary results and guided the path to finding the most optimal
conditions for each substrate tested. One of the catalysis syntheses suffered from straightforward
difficulties in synthesis and purification, and larger, more complicated Lewis acids of similar structure
have already been synthesized. Thus it doesn't seem likely that this particular branch of study is worth
the effort, certainly not commercially. The other catalysis synthesis had the most difficulty in separating
the diastereomers, which was time consuming. Therefore that branch doesn't seem very practical
either.
frustrated Lewis pairs, catalysis, enantioselectivity
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1 Introduction
Hydrogen exists as a nonpolar molecule of two atoms. Between the hydrogen atoms,
there is a covalent bond. As the first element in the periodic table of elements, both
of these hydrogen atoms thus achieve a full electron shell. This is a rather stable
structure, and consequently hydrogen isn’t very reactive at all. In this thesis I will go
over the basics and beginning of metal-free hydrogen activation, which is designed to
disturb the stability of the hydrogen molecule to make it more reactive.
Metal-free hydrogen activation is based on the properties of Lewis acids and bases.
Lewis acid has a positive partial charge and Lewis base has a negative partial charge.
When a hydrogen molecule is introduced to a small space where these interactions
meet, it polarizes. The opposing charges eventually cause the hydrogen molecule to
lose its internal, covalent bond and the split hydrogen then bonds to the Lewis acid
and base instead.
This cleavage and binding of hydrogen is interesting for the reduction of organic com-
pounds and hydrogen storage. In the reduction of organic compounds, the salt that
was formed in hydrogen activation gives up its bound hydrogen to the unsaturated
organic compound. This is especially interesting for the synthesis of medicines, as re-
cently this branch of science has made its way into enantioselective reduction of polar
double bonds, and enantioselectivity is of very high importance. Using metals to assist
in reduction may lead to difficult purification, and therefore a metal-free alternative
would be highly attractive. Moreover, metal catalysts can be very expensive. In hy-
drogen storage, the capacity to bind and release hydrogen, as well as the molecular
weight and price of the system are the main points of interest.
In this thesis, I will first go over the basic principles and see how this leading edge
of science is in touch with the very basics. Then I will discuss different mechanisms
of hydrogen activation, and the very first metal-free, hydrogen activating Lewis pair.
Then I will look at some papers on research into different sorts of Lewis bases, inter-
and intramolecular frustrated Lewis pairs, different Lewis acids, and the modification of
previous ideas to gain new information. Finally I will also discuss the use of frustrated
Lewis pairs(FLPs) in catalysis and the development of enantioselective catalysis. Then
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I will go over in more detail the specifics of my contribution to the research in this
field. In this thesis, I will restrict myself to the examination of boranes, phosphino-
and aminoboranes, and their use in the reduction of polar double bonds.
2 Basic principles
Lewis acid is a compound that is capable of accepting an electron pair. [1] Similarly,
Lewis base is capable of donating an electron pair. It follows that a Lewis acid has
either a free, low-energy orbital or a polar bond with hydrogen, and a Lewis base has
a free electron pair.
The acidity and basicity of these compounds is subject to change according to their
chemical environment: it is possible to add electronegative or -positive moieties, which
may have a larger impact on the acidity of the compound than stabilizing moieties.
Stability can be increased for example by adding a free electron pair that enables several
resonance structures which directly increase stability [1]. A free electron pair that is
relevant to resonance structures, however, has reduced reactivity.
By their definition, it is plain to see that a Lewis acid and base easily make for a
match made in heaven: they react to form an adduct, which is to say, they form a
covalent bond between them. From the perspective of hydrogen activation utilizing
FLPs, the formation of an unreactive adduct is undesirable. Thus the Lewis pairs
that interest me now either don’t form an adduct at all but still have interactions(they
are “frustrated”), or they don’t form a very stable adduct and still have function in
activating hydrogen.
3 Mechanisms
Three ways to activate hydrogen have been observed. [2] The covalent bond of hy-
drogen has been breakable to us for a long time, but the reverse has been difficult to
achieve.
Before FLPs, it has been simplest to activate hydrogen with transition metal com-
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plexes. [2] The hydrogen molecule approaches the metal center sideways, allowing its
bonding molecular orbital σ to deposit its electrons onto the free d-orbitals of the
metal. If the electrons of the metal atom then find their way to the nonbonding molec-
ular orbital σ∗ of the hydrogen molecule, the covalent bond in the hydrogen molecule
breaks, and two M–H bonds form instead. Then the metal complex is free to donate
these hydrogen atoms onward, for example to an unsaturated organic compound. In
this type of reaction, the covalent bond between the hydrogen atoms breaks into two
identical parts: both atoms take one electron with them. This is called homolytic bond
cleavage.
It is also possible to facilitate heterolytic bond cleavage using metal complexes. [2] For
this the metal has to be electrophilic. The metal is electrophilic if its oxidation state is
high or when it has ligands that strongly pull electrons away from the metal center. In
these compounds it’s possible to use main group metals, as the metal is not required
to share its electrons with the hydrogen molecule. When the hydrogen molecule comes
near, it is polarized, and then breaks into a proton and a hydride. The electrophilic
metal binds the hydride and a nucleophilic ligand binds the proton.
Metal-free, hydrogen activating systems cleave hydrogen heterolytically [2]. Instead
of metal, electrophilic compounds are utilized. Boron is a good substitute for metal
because it naturally has an incomplete octet. When the surroundings of the boron
atom are modified, its electrophilicity can be amplified.
4 The first FLP and reversible hydrogen activa-
tion
Welch et al. were studying the interactions of phosphinoboranes when they mixed the
borane B(C6F5)3 and the phosphine (C6H2Me3)2PH together. [3] A para-nucleophilic
aromatic substitution took place, attaching the phosphine to one of the fluorinated
rings, displacing one fluorine atom to bond to the boron center. Thus the result is a
zwitterion(Figure 1). The product is white and solid, and furthermore does not react
with air or water. It was thought that the phosphine is too large to simply coordinate
to the borane, hence the reaction to form a single molecule.
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FF
F F
B(C6F5)2(C6H2Me3)2P
H
F
Figure 1: The resulting zwitterion [3].
The fluorine bonded to the boron was simple enough to substitute with hydrogen
by using Me2SiHCl. [3] Crystals of this product(1) were examined with X-ray crys-
tallography, which confirmed the structure as it had been established with nuclear
magnetic resonance spectroscopy(NMR). Dissolving 1 to toluene and heating the so-
lution to over 100  causes the clear solution to turn intensively red with the for-
mation of [4-[bis(2,3,4,5,6-pentafluorophenyl)boryl]-2,3,5,6-tetrafluorophenyl]bis(2,4,6-
trimethylphenyl)phosphine(PCFB) and a stoichiometric amount of hydrogen(Figure 2).
FF
F F
B(C6F5)2(C6H2Me3)2P
FF
F F
B(C6F5)2(C6H2Me3)2P
H
H
PCFB1
Figure 2: Heating the zwitterionic phosphiniumborate results in a neutral phospho-
borane [3].
At room temperature in solution PCFB reacts with gaseous hydrogen in a rapid man-
ner, losing its red colour. [3] It was confirmed with NMR spectroscopy that the re-
action was quantitative in under five minutes, and even lowering the temperature to
−25  didn’t do much to slow it down. Thus it has been shown that PCFB is capable
of reversible hydrogen activation.
The mechanism of the activation was investigated by preparing the selectively mon-
odeuterated species (C6H2Me3)2PH(C6F4)BD(C6F5)2 and
(C6H2Me3)2PD(C6F4)BH(C6F5)2, then heating them to over 100, and allowing them
to cool. [3] In other words, the compounds were put through a cycle of activation, re-
lease, and activation again. Both yielded compounds binding only deuterium, only
protons, and one of each. This means that the deuteriums shift places undepending on
where they were originally bound. To shed some more light on this phenomenon, 1:1
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mixture of deuterated and normally hydrogenated PCFB was studied. The mixture
was heated to release hydrogen gas, and the composition of this gas was then studied.
In addition to H2 and D2 gasses, there was also HD gas. This suggests that the reverse
reaction may be partly intermolecular.
The mechanism of the release was further studied with the kinetic properties of the
reaction. [3] Information gathered with NMR spectroscopy largely suggested an in-
tramolecular mechanism, but to function intramolecularly, the proton and the hydride
would have to be in close quarters. Practically this would mean being bound to adja-
cent atoms. Therefore the hydride will have to move to a carbon next to phosphorus,
or the proton to a carbon next to boron. The proton transfer was thought to be more
likely, as the boron seems to hold a key position in activating and binding hydrogen
with PCFB. This is further supported by the fact that there is no hydrogen activation
whatsoever when PCFB is dissolved in tetrahydrofuran(THF), as an adduct between
oxygen in THF and the boron is formed.
5 Intermolecular FLPs
Much the simplest way to find out more about FLPs in hydrogen activation was to
study intermolecular FLPs: you can choose the Lewis base and acid separately, and it
is easy enough to make them so sterically hindered that they are physically incapable of
forming an adduct. When a hydrogen molecule gets caught up in the field of interaction
between the pair, the effect is polarizing, possibly leading to hydrogen activation. If
the activation is successful, the hydride and proton pair solves the hedgehog’s dilemma
for the Lewis pair. However, if the Lewis pair is too strongly tied to the hydride and
proton, the result is equally useful as a regular adduct. Therefore the challenge lies in
finding pairs that strike a good balance with steric hindrance, and acidity and basicity.
Ideally the pair can reversibly activate hydrogen or at least be able to bequeath the
hydrogen to another organic molecule to effect reduction.
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5.1 Simple phosphines with Lewis acids
Consistently for Welch et al., they continued their studies with simple phosphines. [4]
They utilized NMR spectroscopy to observe the reactivity of relatively simple phos-
phines t-Bu3P and (C6H2Me3)3P with B(C6F5)3. There was no adduct formation,
which is in accordance with the sterically demanding environment: both the phospines
and the borane are very well shielded. This also prevented the previously observed
nucleophilic aromatic substitution reaction from happening [3].
Also noteworthy in the solutions under observation was the violet colour of the trime-
sitylphosphine and borane solution, in contrast to the clear, colourless solution of tri-
tert-butylphosphine and borane. [4] The violet colour was thought to be caused by the
pi-stacking of the arene rings of the phosphine and the borane, as they are electron-poor
and electron-rich, respectively.
At room temperature both solutions react quantitatively with 1 atm hydrogen pressure
forming a white precipitate. [4] These products were studied with NMR spectroscopy
and X-ray crystallography. Both of them exhibit an extraordinarily long BH · · ·HP
dihydrogen bond compared to usual intermolecular hydrogen bonding. Despite the
existence of the dihydrogen bond, the activation reaction wasn’t reversible, as the
hydrogen wasn’t released even at 150 . Instead it was noted that the salts were
sensitive to water.
To find out how universal this hydrogen activation reaction is, Welch et al. studied
many different combinations of phosphines and boranes. [4] (C6H2Me3)3P and BPh3,
(C6F5)3P and B(C6F5)3, t-Bu3P and B(C6H2Me3)3 are the three pairs that didn’t react
with hydrogen gas at all. Instead, Ph3P and Me3P with B(C6F5)3 formed only ordinary
adducts with one another. This supports the view that the reaction needs auspicious
electronic and steric conditions to take place.
On the topic of the mechanism of the activation reactions that were achieved, two
options were thought to be viable. [4] The hydrogen molecule can interact first with
the Lewis acid or the base, causing the polarization of the molecule. To figure it out,
B(C6F5)3 was studied under higher pressures of hydrogen gas by NMR spectroscopy.
Even under very low temperatures, only the free borane was observed. However, in
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previous computational studies the interaction between BH3 and a hydrogen molecule
was described as a weak adduct. Based on these, it was come to the conclusion that
the adduct formed by B(C6F5)3 and a hydrogen molecule isn’t stable. However, if the
reaction is initiated by the Lewis base, then the polarization of the hydrogen molecule
is achieved when the base donates its free electron pair to the nonbonding molecule
orbital σ∗ of the hydrogen molecule.
5.2 Simple amines with a Lewis acid
Sumerin et al. on the other hand sought to replace phosphines with amines in the
hydrogen activation reaction, and came up with two amines that had the desired at-
tributes with B(C6F5)3. [5] Interestingly diisopropylamine reacts with B(C6F5)3 upon
being mixed in the same solution according to Figure 3. The isopropyl group binds
to the boron center, releasing hydrogen that is then bound by another Lewis pair.
2,2,6,6-tetramethylpiperidine on the other hand does not react with the borane at all,
but readily activates hydrogen at room temperature under only 1 atm pressure. Di-
isopropylamine and the borane also activate hydrogen at 110 ; at room temperature
there isn’t enough free amine and borane in the solution to manage the activation
reaction.
N
H
+ B(C6F5)3 N B(C6F5)3 + [iPr2NH2][HB(C6F5)3]
50% 50%
H
Figure 3: Diisopropylamine and its reaction with the borane [5].
Sumerin et al. also tried several other bulky amines with B(C6F5)3, and came to
much the same conclusions as Welch et al. with phosphines, further supporting the
understanding of requirements for hydrogen activation. [5] The activation may happen
only when steric and electronic circumstances are favourable. Furthermore the acidity
and basicity should mirror each other in strength so that their combined power is
enough to heterolytically cleave the bond in hydrogen molecules.
The hydrogen activation reaction achieved with 2,2,6,6-tetramethylpiperidine and
B(C6F5)3 is a little curious as it doesn’t promptly finish to yield quantitative results. [5]
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The transition state of the reaction may last for quite a while, but it is possible to get
the product faster by removing the solvent or by heating the solution. Otherwise
at room temperature the reaction will finish in about a day. This extraordinarily
lasting transition state was studied with NMR spectroscopy, and a strong N–H · · ·H–B
dihydrogen bond between the cation and anion was evident.
The product crystals of the salt formed by 2,2,6,6-tetramethylpiperidine and B(C6F5)3
were also studied with X-ray crystallography. [5] The results were consistent with what
had been gleaned from the NMR spectra, but it was also clear that the ions were only
attached to one another through hydrogen bonds. Thus they remain truly intermolec-
ular. This salt was also tried in a preliminary reduction test, and it does react with
benzaldehyde, though the product remains bound to the boron center.
5.3 1,8-bis(diphenylphosphino)naphthalene and reversible hy-
drogen activation
Earlier it was noted that triphenylphosphine and B(C6F5)3 together in solution form
an adduct [4]. However, this adduct formation can be avoided by replacing one of
the phenyls with naphthalene. [6] Thus mixing 1,8-bis(diphenylphosphino)naphthalene
and B(C6F5)3 together does not lead to adduct formation, as is evident from the NMR
spectra which are largely unchanged from separate solutions. Together they form an
FLP: at 2 atm hydrogen pressure the solution activates hydrogen, forming a salt.
However, this salt formation isn’t quantitative, and the yield is 80% at best.
The structure of the salt was studied with NMR spectroscopy and X-ray crystallogra-
phy. [6] The neutral phosphine moiety exhibits its usual bond angles, but the adjacent
phosphinium moiety has significantly larger bond angles. A weak P–H · · ·H–B inter-
action was also observed: there is a somewhat short dihydrogen bond between the
ions.
In fact, the activation reaction is reversible. [6] Already at 60  the reaction is quanti-
tatively reversed, releasing all of the bound hydrogen. Figure 4 represents the reversible
hydrogen activation reaction of this system.
Due to its remarkable ease in the reverse reaction, this pair was put to the test in
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Ph2P PPh2 H2
- H2 60 oC
Ph2P PPh2
H
+ B(C6F5)3
HB(C6F5)3+
Figure 4: 1,8-bis(diphenylphosphino)naphthalene and B(C6F5)3 reversibly activate
hydrogen at mild conditions [6].
reduction reactions. [6] Some previously unexplored silyl enol ethers were chosen as
substrates. Figure 5 portrays the general version of this reduction reaction. Almost all
the chosen substrates had full conversion at just 2 atm pressure and room temperature:
remarkably mild conditions. Only the sterically least demanding substrate didn’t react
quantitatively in those conditions, but its conversion too was possible to raise to 99%
at 60 bar pressure.
H
R1
R2
O
SiMe3
H2
H
R1
R2
O SiMe3
H H
Figure 5: The general reduction reaction of silyl enol ethers [6].
Thus the conformation of 1,8-bis(diphenylphosphino)naphthalene is the key element to
prevent adduct formation with B(C6F5)3. [6] Its reversible hydrogen activation makes
it useful in the development of reduction catalysts and hydrogen storage. Furthermore,
this article stands as proof that with some modification, it’s possible to get something
that works rather well from something that didn’t work at all.
5.4 2,6-lutidine and reversible hydrogen activation
Geier et al. on the other hand approached the problem by extrapolating a previous
study on the interactions of pyridines with different boranes. [7] They wanted to explore
the notion that classical and “frustrated” behaviour between Lewis bases and acids
aren’t mutually exclusive types of reactivity. In the previous study it had been observed
that 2,6-lutidine is a special case as it wasn’t able to form an adduct with sterically
more demanding boranes. This inability to form an adduct due to sterical reasons is a
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feature that has been regularly exploited to form intermolecular FLPs.
Thus 2,6-lutidine was mixed together with triethylborane to see if they would activate
hydrogen. [7] Despite 4 atm hydrogen pressure, there was no reaction. This corrobo-
rates the requirement for the FLP to have a sufficiently basic base and acidic acid to
activate hydrogen.
Naturally, the well established B(C6F5)3 was tried next. [7] The solution of 2,6-lutidine
and B(C6F5)3 was studied with NMR spectroscopy, which revealed broad signals in the
proton and fluorine spectra. They indicate the existence of an equilibrium(Figure 6).
Cooling the solution to −10  shifts the equilibrium almost entirely to the side of the
adduct. Based on the data collected from this experiment it can be deduced that the
rotation around the B–N bond is minimal. This is consistent with the close proximity
of the methyl groups on the lutidine and the arene rings on the borane.
N N B(C6F5)3B(C6F5)3+
Figure 6: In solution 2,6-lutidine and B(C6F5)3 are in an equilibrium between the
free species and the adduct [7].
The adduct was also studied with X-ray crystallography. [7] It became clear that the
bond between boron and nitrogen is significantly longer than it was in the adduct
formed by pyridine and B(C6F5)3, even though 2,6-lutidine is more basic than pyridine.
Therefore it seems clear that it is possible to weaken the B–N bond by increasing the
steric demands of the chemical environment.
The existence of the equilibrium creates an opportunity for the free species to acti-
vate hydrogen. [7] In two hours the yield comes to 87%. The product is of the form
[2,6-Me2C5H3NH][HB(C6F5)3], as was confirmed by NMR spectroscopy and X-ray crys-
tallography. It was also observed that the ions in the crystals pack so, that the NH
and BH moieties point towards one another, forming a particularly short dihydrogen
bond. Thus the activation reaction is reversible upon heating the salt.
What is particularly special about this Lewis pair, is that it forms an adduct and
still activates hydrogen. [7] Previously it had been thought that adduct formation and
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hydrogen activation are mutually exclusive, but in this case the Lewis pair embodies
both. The equilibrium between the free species and the adduct indeed seems to bridge
these two modes of reactivity.
6 Intramolecular FLPs
In intramoleculecular FLPs the Lewis acid and base are part of the same molecule.
The same principles that were in intermolecular FLPs still apply: you need favourable
electronic and steric conditions and a sufficiently basic base and acidic acid. However,
the design of these single molecule systems is significantly more complicated as you
need to arrange close proximity for the acid and base moieties, while preventing them
from forming an unreactive adduct.
6.1 Reversible hydrogen activation in a rigid frame
Sumerin et al. moved on to examine the possibility of synthesizing a single molecule
where the nitrogen and boron centers would exist close to one another and be able to ac-
tivate hydrogen. [8] Figure 7 portrays the result of this design. At room temperature 1-
[[2-[bis(2,3,4,5,6-pentafluorophenyl)boryl]phenyl]methyl]-2,2,6,6-tetramethylpiperidine
(NCHB) readily reacts with hydrogen gas to quantitatively form the corresponding
salt. From the NMR spectra it was gleaned that the rotation energy barrier for the
bond between nitrogen and the benzyl was quite significant. Also, just like the first
metal-free hydrogen activating phosphoborane PCFB [3], NCHB reacts quantitatively
with hydrogen in less than five minutes. Furthermore, it is tolerant of moisture and
air. The salt was also studied with X-ray crystallography, revealing a relatively short
N–H · · ·H–B dihydrogen bond.
B(C6F5)2
N
Figure 7: The structure of NCHB [8].
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Therefore unsurprisingly, NCHB releases the bound hydrogen when refluxed under re-
duced pressure. [8] That is to say, the hydrogen activation reaction is reversible. How-
ever, the quantitative reversal of the reaction takes twenty hours to complete. Despite
that, quantitative hydrogen activation and its reverse was a remarkable achievement
at the time of its publication.
To gain insight into the reaction mechanisms and the character of the dihydrogen bond,
the reaction path and energies were studied theoretically. [8] It was observed that even
without the hydrogen, the active centers of NCHB point towards one another due to
the rigid structure and the HF hydrogen bonds. However, the distance is long enough
to prevent them from reacting with one another. Instead a hydrogen molecule fits
into this space with ease, and in the early transition state the distance between the
hydrogen atoms is short. After the reaction the configuration is retained, and the NH
and BH bonds point towards one another. After the reaction the distance between
the hydrogen atoms indicates that in this case the dihydrogen bond is partly covalent.
This is also supported by the angles of the N–H · · ·H and B–H · · ·H bonds.
The Coulomb attraction for the salt of NCHB was also calculated, and it was noted to
be comparable to the energy required to heterolytically cleave hydrogen. [8] Thus the
formation of this Coulombic attraction can make up for the lost covalent bond in the
hydrogen activation reaction. The release of the hydrogen molecule is made possible
by the rigid structure, where the hydrogen atoms remain near one another.
Lastly NCHB was used as a reduction catalyst for imines and enamines. [8] It was
observed that the formation of an amine-borane adduct between the catalyst and the
substrate was an important step in the reaction. Therefore steric changes in the α
position of the substrate are of high importance. The reduction reactions in general
succeeded better for the more sterically demanding substrates than for the more simple
compounds.
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6.2 Heterocyclic ring-opening in equilibrium and hydrogen
activation
Spies et al. synthesized the phosphinoborane ([2-[bis(2,3,4,5,6-pentafluorophenyl)-
boryl]ethyl]bis(2,4,6-trimethylphenyl)phosphine(PCHB) that turns out to exist in an
equilibrium between a four-membered, heterocyclic ring and an open chain struc-
ture(Figure 8). [9] The NMR spectra indicate the existence of a four-membered ring,
as well as the interaction between phosphorus and boron. Thus it can be concluded
that an adduct is formed within the molecule.
P
B(C6F5)2
B(C6F5)2Mes2P
Figure 8: The equilibrium between the rigid ring and an open chain structure [9].
PCHB was also studied computationally. [9] The results supported the conclusions that
had been made based on NMR spectroscopy. Additionally the calculated gas phase
structure featured a nearly planar four-membered ring. The ring is like a face of a cube,
and therefore an extremely rigid and strained structure. In organic compounds this is
very rare; for example cyclobutane is also a four-membered ring, but it is not planar,
and it is still very strained. However, in PCHB it was observed that the mesityl and
pentafluorophenyl rings are positioned parallel to one another, allowing these aromatic
moieties to have interactions between their pi electron systems. This pi-pi interaction is
thought to make the heterocyclic, rigid structure stable.
A solution of PCHB readily reacts with hydrogen at 1,5 bar pressure, forming the
corresponding salt. [9] Despite the ease of the initial reaction, the yield is only 60%. The
salt was studied with NMR spectroscopy and X-ray crystallography, and the geometries
of boron and phosphorus were observed to be nearly tetrahedral. Based on previous
studies, PB adducts aren’t capable of activating hydrogen, so the open chain structure
was thought to enable PCHB to do it. The fact that the reaction isn’t quantitative
also points that way. Thus PCHB is the first hydrogen activating phosphinoborane
13
that is connected with an alkyl bridge.
It was also attempted to use PCHB to reduce benzaldehyde, and the results were
similar to the ones Sumerin et al. received with NCHB [5]: the hydride moves to the
carbonyl carbon of benzaldehyde but the product remains bound to the boron. [9]
7 Studies in different Lewis acids
The impact of the Lewis acid on hydrogen activation with FLPs has been less investi-
gated than that of the Lewis bases. Here we will have a look at first plain B(C6F5)3 as
a catalyst for the hydrogenation of ketimines and aldimines (like aldehydes and ketones
with nitrogen instead of oxygen). In these reactions, the borane isn’t the sole catalyst,
but the imine will have to act as both the Lewis base in the FLP and the substrate.
The other papers reviewed here explore alternatives to B(C6F5)3.
7.1 B(C6F5)3 and its use in direct reduction of imines
Chase et al. observed that sterically demanding aldimines and ketimines activate
hydrogen with B(C6F5)3, leading to direct reduction of the base. [10] The ability of
the imine and then amine to activate hydrogen was studied with reactions presented
in Figure 9. With X-ray crystallography a B–H · · ·H–N dihydrogen bond was observed
in the product.
H
N 4 atm H2
B(C6F5)3
N B(C6F5)3H
tolueeni
80oC, 1 h
NH2
Ph
HB(C6F5)3
4 atm H2
+
Figure 9: Reactions of a sterically demanding imine to an amine [10].
A corresponding study with a ketimine produced only the heterolytic splitting of hy-
drogen, and the double bond remained unchanged(Figure 10). [10] This indicates that
the selected ketimine was too sterically demanding around the double bonded carbon.
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However, this creates an opportunity to study a mechanistically relevant intermedi-
ate.
N
4 atm H2
B(C6F5)3
N H HB(C6F5)3+
Figure 10: A ketimine and B(C6F5)3 heterolytically split hydrogen but the double
bond isn’t affected [10].
Based on these reactions a catalytic cycle was formulated. [10] First the heterolytic
splitting of hydrogen takes place under the influence of the imine and the borane. This
results in an ion pair. The protonated imine is activated to the nucleophilic attack
of the borohydride, forming an amine-borane adduct. The dissociation of the B–N
bond releases the reduced product amine, and the borane that is ready for another
cycle. The dissociation is the slowest point of the cycle and thus the rate-determining
step.
Larger, more basic aldimines were observed to react more quickly than the more elec-
trophilic bases. [10] Based on the mechanism this is consistent, because the heterolytic
splitting of hydrogen is slower with more electrophilic imines than with the more basic
imines that react in a facile manner.
This study shows us that there might not be any need for a Lewis base to activate
hydrogen with the Lewis acid if the substrate itself is suitable to do it. Therefore it is
possible to design Lewis acids by themselves to work with the substrates directly, as
we shall later see.
7.2 B(p-C6F4H)3 and hydrogen activation with phosphines
In previous studies in intermolecular FLPs hydrogen activation was achieved, but the
reverse reaction wasn’t a possibility [4, 5]. This was thought to be the cause of using
compounds that were too strongly acidic and basic, leading to very strong interactions
with the proton and hydride. [11] Ullrich et al. synthesized a slightly modified borane
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to lower the acidity. All of the fluorine in the para positions of the arene rings have been
replaced with hydrogen, and thus the electron density isn’t as intensely drawn into the
rings, lowering the acidity of the borane compared to a fully fluorinated structure.
B(p-C6F4H)3 was then put to the test with some phosphines. [11] The bases that were
selected to pair with the borane are depicted in Figure 11. None of the combinations
formed adducts, and all of them activated hydrogen nearly quantitatively. All the salts
were of the form [R3PH][HB(p-C6F4H)3], as proven by NMR spectroscopy.
PPP
Figure 11: Structures of the selected phosphines [11].
What was really noteworthy of tricyclohexylphosphine and its solution with the borane
was that nucleophilic aromatic substitution wasn’t observed at all. [11] With B(C6F5)3
it has been previously observed that tricyclohexylphosphine readily reacts to form a
zwitterion. The salt [Cy3PH][HB(p-C6F4H)3] was also studied with X-ray crystallog-
raphy to make absolutely certain of the absence of the substitution. It was concluded
that the para-hydrogen atoms prevent the substitution reaction without sapping the
ability of the borane to activate hydrogen.
The salts of tri-tert-butylphosphine and tricyclohexylphosphine didn’t release hydrogen
even when heated to 80  in vacuum. [11] Instead the salt [(o-C6H4Me)3PH][HB(p-
C6F4H)3] releases hydrogen already at room temperature when placed under vacuum,
though the reaction proceeds slowly. In nine days the reaction had reached 85% com-
pletion, as its progression had been followed with NMR spectroscopy.
The slow release of hydrogen was sped up by warming the solution of the salt
[(o-C6H4Me)3PH][HB(p-C6F4H)3] to 80 . [11] This way it was possible to reach the
same results in one night that had been gained in nine days at room temperature.
Interestingly this reaction still happens even from the solid salt, though the rate slows
significantly.
16
7.3 Hydrocarbon ligand and its effect on reversibility
Jiang et al. were studying how the level of acidity in the Lewis acid would affect
hydrogen activation and its reversibility. [12] The Lewis acids in Figure 12 were chosen
for the study. Both have had one pentafluorophenyl ring replaced by a hydrocarbon
moiety. In losing one of the electron withdrawing C6F5 rings and gaining an electron
donating ligand instead, the acidity of the Lewis acid is lessened.
B(C6F5)2
B(C6F5)2
2 3
Figure 12: Structures of cyclohexylbis(pentafluorophenyl)borane and 1-phenyl-2-
[bis(pentafluorophenyl)boryl]ethane [12].
In the case of 2 it was thought that its steric environment was roughly as demanding
as in B(C6F5)3. [12] Therefore the differences in their reactivities could reasonably
be said to stem from their differences in acidity. Especially the B–H bond in the
anion was assumed to be weaker with the cyclohexyl ligand, which should contribute
positively to the reversibility of the hydrogen activation. To complete the Lewis pairs,
previously frequently used bases were chosen: 2,2,6,6-tetramethylpiperidine, 1,2,2,6,6-
pentamethylpiperidine and tri-tert-buthylphosphine(Figure 13).
P
N
H
N
Figure 13: Structures of 2,2,6,6-tetramethylpiperidine, 1,2,2,6,6-pentamethylpiperi-
dine and tri-tert-buthylphosphine [12].
2,2,6,6-tetramethylpiperidine and 2 activate hydrogen at room temperature and 1 atm
H2 pressure, and in 30 minutes the yield was 76% according to NMR. [12] It was
noted that the forming salt is fairly unstable, as it releases hydrogen already at room
temperature. At 50  the reversible reaction became relatively fast, as in 30 minutes
already 80% of the salt reverted back to the neutral species. Surprisingly, it was
observed that the salt releases hydrogen even when solid.
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The results with 1,2,2,6,6-pentamethylpiperidine and 2 were nearly as good as above. [12]
For the reversible reaction in one hour at 65, 80% of the salt reverted, and at 80 it
was 85%.
Tri-tert-buthylphosphine and 2 also activate hydrogen, but the product isn’t a simple
salt. [12] t-Bu3P reacts in other ways besides activating hydrogen with the Lewis acid,
like interacting with the proton on the cation. The amount of t-Bu3P in the reaction
mixture in ratio to the Lewis acid changes the resulting product mixture. Though, in
1:1 ratio mostly the salt is formed as a result of hydrogen activation. X-ray crystallog-
raphy of the salt crystals revealed that the cation and anion are pointing towards one
another, but that their distance is too long to form a dihydrogen bond. However, the
reaction was observed to be reversible and quite dependent on temperature.
Thus all three bases activate hydrogen reversibly with 2. [12] This proves the impor-
tance of acidity to the reversibility of the reaction. It is logical, that with B(C6F5)3
these three bases don’t have a reversible reaction, because the forming B–H bond is
too strong.
3 is a bit more acidic than 2, and the same reactions were repeated with 3 and the
three bases. [12] The piperidines readily formed their respective salts, and the yields
were almost 10% higher than with 2. However, this is consistent with the increased
acidity of the Lewis acid. It also followed that the reversible reactions were more
difficult, requiring higher temperatures than with the less acidic 2. The salt crystals of
1,2,2,6,6-pentamethylpiperidine with 3 were also studied with X-ray crystallography;
a short and strong dihydrogen bond was observed between the cation and anion.
The hydrogen activation reaction between 3 and tri-tert-buthylphosphine produced
much the same results as with the other Lewis acid. [12] The product was a mixture
of varying composition that nevertheless releases hydrogen.
Based on these results Jiang et al. deduced that changes in the Lewis acid are far
more important than changes in the Lewis base when looking for a reversibly hydrogen
activating FLP [12]. However, based on this article it seems that merely tuning the
acidity of the Lewis acid leads to an either-or situation: easier hydrogen release means
lower yield in hydrogen activation, and high yield in hydrogen activation means a hard
time in releasing hydrogen.
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8 Derivation from other FLPs
Now that this branch of FLP chemistry has started to grow in size and there are
many publications available, it’s possible to choose an approach which rather modifies
previous ideas or combines them to gain new ideas and new results. Above we have
already seen that sometimes, with some modification, what did not work may have
some ingredients toward success: modification of the Lewis base to afford reversible
hydrogen activation and prevent adduct formation [4], and modification of the Lewis
acid to turn a previously irreversible reaction reversible [12]. In this section I review
more creative modification and combination of intramolecular aminoboranes.
8.1 Revision of other aminoboranes
Chernichenko et al. synthesized two new aminoboranes that were inspired by two
earlier papers: one by Roesler et al. [13] and the other by Sumerin et al. [8] that was
discussed above. Both of these previous articles share a design in arranging the amino
and borane moieties so that they are in ortho position to each other on a phenyl ring,
introducing some forced distance between the two parts. Combining these two designs,
effectively only removing one carbon separating the phenyl ring from the amino moiety
in NCHB, Chernichenko et al. linked the 2,2,6,6-tetramethylpiperidine directly onto
the ring. [14] The second reported aminoborane reduced the substituents on nitrogen
down to methyl groups. These new aminoboranes are depicted in Figure 14.
B(C6F5)2
N
4
B(C6F5)2
N
5
Figure 14: Reported aminoboranes by Chernichenko et al [14].
Asymmetric hydrogenations have been a point of interest, but with Sumerin’s molecular
tweezers the enantioselectivity was only fair at best. [14] Therefore removing the carbon
separating the nitrogen moiety from the phenyl ring might introduce some more rigidity
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to the system and thus improve enantioselectivity. These new aminoboranes were
prepared to test the theory.
Due to not finding an exact reported method for linking 2,2,6,6-tetramethylpiperidine
to a ring of iodobenzene, the yield of the amine preceding the linking of (C6F5)2BCl
via lithiation was unfortunately only 30%. [14] However, the pure aminoborane 4 was
isolated as yellow crystals, and their NMR spectra reveal their intended frustration
as boron remains three-coordinated. X-ray crystallography further confirmed that
there is no bonding between the nitrogen and boron centers. 4 activates hydrogen at
room temperature and 2 bar pressure. The reaction is fast and facile, but irreversible.
Heating at 110 for four days produced practically no results. This also demonstrates
the difference a single carbon between the ring and the nitrogen center can make, as
NCHB releases hydrogen and achieves full retrieval of the neutral aminoborane in 24 h.
The white salt crystals were studied with X-ray crystallography as well, and 4 forms
the expected zwitterionic structure. The intramolecular ion pair is oriented so that
an almost plain 6-membered pseudo-ring is formed by the carbon bridge from N to B
and the split hydrogen. However, none of the imines, enamine or even benzaldehyde
or benzonitrile produced any reduction products with hydrogen pressure and 4 or its
salt.
5 was isolated as white crystals, which is inconsistent with the usually yellow or red
colour of bridged phosphino- and aminoboranes. [14] And true enough, the NMR spec-
tra pointed to a B–N bond. As the amine center is fairly unhindered, it was unclear
whether this bonding was inter- or intramolecular. Thus, X-ray diffraction was em-
ployed to find out, and a four-membered B–N ring was observed. 5 also activates
hydrogen at room temperature and 2 bar pressure, though the reaction is much slower,
taking 12 h to fully convert. Upon removing the hydrogen pressure, hydrogen is slowly
released in argon atmosphere even without heating. Therefore 5 exhibits not only
hydrogen activation, despite its B–N bonding, but also reversibility at room tempera-
ture.
The reduction tests produced much more interesting results for 5. [14] Many of the
imines that had been tried didn’t work this time either, but there was one imine and
one enamine that did react, and it was possible to tune their reaction conditions to
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achieve full conversion. This imine and enamine are shown in Figure 15. The others
produced no results even with equimolar amounts of the salt. 6 and 7 however react
instantly with the salt at room temperature, though with slightly different results. 7
is reduced cleanly, affording a completely separate and neutral 5. 6 is reduced as well,
but remains coordinated to 5. This also explains why 6 requires longer reaction time
compared to 7 and the need for thermal promotion to break the adduct.
N
6
N
7
Figure 15: The structures of the imine and enamine that undergo reduction with the
smaller aminoborane [14].
The 2,2,6,6-tetramethylpiperidine moiety gives 4 a very hindered nitrogen center with-
out losing its basicity, making 4 a very reactive FLP. [14] Consequently though, the
forming ammonium borohydride is an extremely stable adduct, as was proven by its
stubborn refusal to release hydrogen or to pass it on to a substrate. In comparing
the solid state of 4 and its salt, a minor change in geometry was observed. The rigid
geometry of the neutral aminoborane makes it great at hydrogen activation, resulting
in a particularly stable adduct. The formation of the 6-membered pseudo-ring is ther-
modynamically more favourable than the 7-membered ring in NCHB, as is obvious by
their different behaviour. In this way, we can also see how the geometry of the forming
H2 adduct can result in surprisingly stable products. Apparently, the breaking of the
dihydrogen bond and resulting ring-opening of the 6-membered pseudo-ring is an im-
portant step in the hydrogenation of substrates. In this case it results in the inability
to hydrogenate even benzaldehyde.
Compared to that, the nitrogen center of 5 is significantly less basic, and sterically
downright benign. [14] Therefore some reactivity is lost, especially due to the B–N
adduct formation as a result of little steric hindrance. The progress of hydrogen uptake
was observed to be linear with time under constant pressure, and this was thought to
be perhaps a result of the rate-limiting character of the B–N ring dissociation. The
ease of the hydrogen release on the other hand seems to stem from the formation of the
B–N bond, accommodating the shift of the equilibrium to the neutral adduct.
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Interestingly, 5 demonstrates selectivity to non-hindered imines, even though the di-
methylamino moiety is one of the smallest possible nitrogen centers for intramolecular
aminoboranes. [14] However, 5 is in fact more hindered than NCHB: the tighter or-
tho-connection of the amino and boryl moieties and the constrained geometry of the
6-membered pseudo-ring result in diminished accessibility of the catalyst to the sub-
strate. Everything is in tighter quarters and thus there is less room for the substrate
to come near, which is in fact the same result as in very hindered aminoboranes. The
smooth hydrogenation of the relatively hindered enamine 7 therefore is remarkable,
though it is perhaps explained by the better accessibility of the β-carbon in compar-
ison to the double bond of an imine. These are, respectively, the sites of protonation
in enamines and imines, as is the first step of hydrogenation.
8.2 The smallest boryl site in an intramolecular FLP
Significant reduction in the size of the boryl site in intramolecular FLPs is expected to
result in quenched reactivity to some degree. [15] However, in the previously discussed,
rigid framework of an ortho-phenylenebridged aminoborane and a bulky amine moiety,
strong adduct formation was thought to be avoidable. Furthermore, it seems that
the short ortho-phenylene linker promotes hydrogen activation by the acid-base pair,
leading to favourable thermodynamics.
Thus 4 was revamped, and the common –B(C6F5)2 group was replaced with a simple
–BH2 group(Figure 16). [15] In removing the pentafluorophenyl rings, a significant
amount of molecular weight is also lost. Additionally the boron center is less acidic
and obviously much less sterically encumbered. 8 was isolated as pure, white crystals.
It was observed by X-ray crystallography that in solid state it actually exists as a trans
dimer by B(µ-H)2B bridges. By NMR it was determined that in solution the dimeric
isomers trans and cis exist in equilibrium with the datively bound monomeric form:
the adduct. However, the dimeric form is slightly more stable.
Computationally a monomeric, open structure was also identified, and naturally it is a
little bit higher than the adduct in energy. [15] For this pair to activate hydrogen, the
adduct bond mustn’t be too strong, and computationally the difference between the
adduct and the open monomeric forms was less than half of the previously measured
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N
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Figure 16: The structure of the reported aminoborane with the smallest boryl site [15].
upper limit of dissociation for similar structures. However, the strain of the four-
membered ring is plain in the elongated B–N bond of the adduct.
As the dimeric trans form is the prevailing form in the solid state and in solution as
the most stable of the isomers, the splitting of hydrogen is a bit more challenging. [15]
Indeed, in toluene there was hardly any conversion, but in CD2Cl2 significant conversion
was achieved. It was found that there was a dynamic equilibrium between the starting
materials and the hydrogen splitting product, and the equilibrium could be shifted
towards the salt by increasing H2 pressure or lowering the temperature. At −15 and
10 bar H2 pressure, conversion to salt was up to 72%.
To shed further light on these results, the mechanism and thermodynamics were exam-
ined computationally. [15] The reaction in CD2Cl2 was found to be thermodynamically
favourable: the product was a little bit more stable than the dimeric trans isomer. In
toluene the product was a little bit higher in energy, and thus not favourable, which is
consistent with the experimental results. Therefore it is clear that there is significant
solvent effects on the reaction free energy of hydrogen splitting. This was thought to
be explained by the zwitterionic product being more stabilized in a polar solvent, such
as CD2Cl2.
To test the results of computational studies, kinetic measurements are necessary. [15]
However, this would require accurate knowledge of the concentration of the reactants
over time, which poses a problem as hydrogen gas is diffusing from gas to liquid. For
8 though, the rapid and reversible hydrogen activation suggests that the exchange
of hydrogen between its molecular form and its adduct is continuous. Thus, for the
first time in FLP chemistry, the direct measurement of the exchange rate was possible
and empiric results for the activation energy were acquired. Indeed, the results were
reasonably close to the computed values, and therefore it can be said that the kinetic
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study supports the computational study.
9 Hydrogen activation and catalysis
Hydrogen activation is a first step towards catalysis, and as the field of FLP chemistry
has grown, there has been promising development. Indeed, recently it has been of great
interest to create enantioselective FLP catalysts. Here I will go over the short history
of the development of enantioselective FLP catalysts and reach the latest excitement
in the field.
9.1 Tris(pentafluorophenyl)borane as a catalyst
Similarly to Chase et al. [10], Chen et al. also studied using B(C6F5)3 as the only cata-
lyst to affect hydrogenation. [16] Three imines were chosen as substrates, they are pre-
sented in Figure 17. The electron poor N -benzylidene-4-methylbenzenesulfonamide(9)
was tried first in toluene for 15 h, and its tendency to hydrolyze presented a problem.
Even under rigorous exclusion of water, some hydrolysis to tosylamine and benzalde-
hyde was observed at 20 bar hydrogen pressure and 80 . However, it is well known
that B(C6F5)3 is excellent at scavenging even trace amounts of water, and it could par-
tially explain the hydrolysis. In an attempt to improve the yield of the desired product
and keep the hydrolysis to a minimum, temperature was increased to 100 , but the
effect was adverse. Optimal conditions were found to be 100  and 30 bar pressure
to gain 98% yield. In an effort to avoid further hydrolysis, the second substrate was
chosen to be more stable.
N -(1-phenylethylidene)aniline(10) was reduced under milder conditions than 9. [16]
In trying different catalyst loadings, at 80  and 10 bar pressure, it was found that
10 mol-% reached 99% conversion, while lesser amounts fell short. However, it was
also found that 5 mol-% catalyst loading was sufficient, if the pressure was increased
to 20 bar. Therefore either of these two sets of conditions gives the same result: full
conversion to the product.
As the third imine, sterically hindered 2,3,3-trimethyl-3H -indole(11) was chosen. [16]
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Figure 17: The structures of the chosen imines: N -benzylidene-4-
methylbenzenesulfonamide, N -(1-phenylethylidene)aniline and 2,3,3-trimethyl-
3H -indole [16].
Evidently, this was a remarkably harder substrate to work with, as it requires relatively
harsh conditions to make any change. At 100  and 40 bar H2 pressure, there is no
product whatsoever. This would suggest that together, the Lewis acid and base are
too sterically hindered to activate hydrogen in mild conditions. Though, even this
substrate can be forced to 53% yield at 140  and 40 bar.
As a first step into asymmetric catalysis, also a chiral borane 12, presented in Figure
18, was synthesized and tried in catalysis with 10. [16] At 65  and 20 bar hydro-
gen pressure, complete conversion was achieved. The enantiomeric excess, 13%, was
determined by gas chromatography. This result supports the view that the borane is
an integral part of the catalytically active species, and thus further development of
chiral boranes may result in enantioselective catalysis. The conditions of the highest
conversions have been collected to Table 1.
B(C6F5)2
12
Figure 18: The structure of the chiral borane isomer derived from (+)-α-pinene [16].
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Table 1: A summary of the conditions of the best hydrogenation results [16].
Entry Substrate T /  p(H2) / bar Catalyst / mol-% Yield / %
1 9 100 30 10 98
2 10 80 10 10 99
3 10 80 20 5 99
4a 10 65 20 10 > 99
5b 11 140 40 10 53
a Chiral borane 12 as the catalyst. b Reaction time 22 h.
9.2 Camphor based chiral borane and enantioselective hydro-
genation
Recent mechanistic studies support the assumption that a suitable element of chirality
must be introduced to the Lewis acid structure to achieve asymmetric hydrogena-
tion. [17] Hence this camphor derived chiral borane 13 together with t-Bu3P is the
first example of a highly enantioselective FLP in chiral hydrogenation of imines. The
two diastereomers of 13 are pictured in Figure 19.
B(C6F5)2
B(C6F5)2
13a 13b
Figure 19: The two diastereomers of the chiral borane [17].
In our research we also duplicated the synthesis of this particular borane up until the
separation of diastereomers, and the procedure can be found in detail in the syntheses
section. However, there are some details to be observed. The mixture of the two
diastereomers before hydrogen activation were found to have formed in a 1:4 ratio by
multinuclear NMR. [17] After hydrogen activation with t-Bu3P, the resulting salt was
recrystallized. Using X-ray crystallography it was found that these crystals had a 1:1
ratio of the diastereomers.
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Then, upon closer inspection, it came to light that one diastereomer, 13a, split hy-
drogen with t-Bu3P faster than the other one, 13b. [17] Therefore, this fact could
be used as the principle to isolate the diastereomers in kinetically controlled product
formation. In other words, it is possible to use hydrogen to precipitate 13a out as a
salt from the mixed solution of the diastereomers and t-Bu3P, granted you find the
correct timing. Stopping the reaction too early will leave some 13a in the solution,
and continuing for too long will precipitate some 13b as well. Thus the timing is of
great importance.
After successful isolation of the diastereomers, it was possible to observe the pure di-
astereomers separately. [17] The diastereotopic C6F5 rings were present in the
19F NMR
spectra of both the diastereomers as two sets of peaks. In order to observe both of the
diastereomers and their differences in more detail using X-ray crystallography, suit-
able crystals were obtained by recrystallization. It was noted that the phenyl ring
was oriented parallel to one of the C6F5 rings in both of the structures. Furthermore,
the orientation and distance between the rings help to create a controlled conforma-
tion that ought to prove important in catalytic purposes. Both of the structures also
had multiple C–H · · ·F hydrogen bonds between the phosphinium and hydridoborate
moieties. What is different, however, is the orientation of the B–H bond.
The study proceeded to investigate hydrogenation of prochiral imines using the di-
astereomerically pure salts. [17] At first the same imine was hydrogenated with a 1:1
mixture of the diastereomers, then with pure 13a, and pure 13b. The mixture gave
full conversion with 20% ee. 13a also gave full conversion but a much higher ee of
48%, and with 13b the conversion suffered a little bit, but the ee was an even higher
79%. These results support the assumption that 13a is more active in the catalytic
hydrogenation than 13b.
A further series of substrates were tried with pure 13b. [17] Increasing the sterical
hindrance of the substrate led to significant decrease in yield, up until no reaction took
place at all. Interestingly, adding a methoxy donor group to either of the phenyl rings
in the imine substrate slightly increased both conversion and selectivity. The highest
achieved ee of 83% was with a methoxy containing substrate.
This feature is curiously opposite to 14. However, 14 requires significantly less pressure.
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Hydrogenations with 14 can be carried out in laboratory glassware, whereas 13a and
13b require an autoclave to accommodate the 25 bar H2 pressure.
9.3 Chiral diene “ligands”, HB(C6F5)2 and asymmetric hydro-
genation
Chiral olefins have been highly relevant as steering ligands for transition-metal-catalyzed
asymmetric reactions, and Liu et al. envisioned the application of preparing in situ
chiral borane catalysts for metal-free hydrogenation as well. [18] Preparing the borane
by direct hydroboration of chiral dienes that have two terminal olefins with HB(C6F5)2
results in enantiomerically pure boranes, and thus doesn’t require isolation and can be
used directly as in situ prepared catalyst. Internal olefins on the other hand produce
diastereoisomer mixtures.
Binaphthyl-based chiral diene was chosen, and its selectivity as a “ligand” to HB(C6F5)2
was attempted to improve with different substituents at the 3,3’-positions of the bi-
naphthyl. [18] Different variations were tried at first with only the one imine, N -(1-
phenylethylidene)benzenamine(10), with 5 mol-% of the chiral diene, 10 mol-% of
HB(C6F5)2, 60 , 10 bar H2 pressure and 15 h reaction time. These reactions resulted
in full conversion, but different values of enantiomeric excess, as intended. It was noted
that the bulkiness of the aryl substituents greatly affects the enantioselectivity. The
best result was achieved with the ligand pictured in Figure 20, with 60% ee.
In hopes of further improvements, the effect of different solvents, temperature and cat-
alyst loading was investigated. [18] It turned out that solvents have a significant effect
on both reactivity and enantioselectivity. In diethylether, there was barely any conver-
sion to be noted, while mesitylene improved enantioselectivity further in comparison
to the originally used toluene. Furthermore, lowering the temperature from 30  to
0  resulted in only slightly higher ee, and reducing the diene loading from 5 to 1,25
mol-% improved the enantioselectivity, without any loss of activity. In the end the best
ee, 78%, was achieved at room temperature in mesitylene, with 1,25 mol-% diene and
2,5 mol-% HB(C6F5)2.
Having figured out the optimal conditions for the best performing chiral diene, a va-
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Figure 20: The most efficient chiral diene ligand for the enantioselective hydrogena-
tion of N -(1-phenylethylidene)benzenamine, also pictured on the right [18].
riety of different imines was tested. [18] These tests mostly resulted in good yields
and quite high enantioselectivities: 74–89%. Both electron-donating and -withdrawing
substituents at the para-position of the phenyl group in the imines was well tolerated.
Meta-substituted imines gave slightly lower enantioselectivities, 74–80%, which is still
quite high. However, ortho-substituted imines gave unsatisfactory results: less than
40% ee.
Previously reported, complete racemization of chiral amines in the presence of B(C6F5)3
was also a concern, and thus the effect of the chiral borane produced with the ligand
in Figure 20 on hydrogenated 10 was studied. [18] However, after 15 h in the same
solution, with or without heating, with or without hydrogen pressure (20 bar), the
enantiomeric excess was found to be unchanged. Therefore it is clear that there is no
racemization to be observed in this catalytic system.
This approach was later also applied to the hydrogenation of silyl enol ethers by Wei et
al., with the difference of adding tri-tert-butylphosphine to act as the Lewis base. [19]
They had great success and received secondary alcohols in very high yields(93–99%)
and up to 99% ee.
In being able to produce enantiomerically pure, chiral boranes as catalysts in situ, this
approach certainly provides a practical alternative for the development of accessible and
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highly efficient chiral FLP catalysts, especially as the chiral dienes that were utilized are
readily available [18]. Though, it is also true that these ligands do seem to require quite
a lot of bulk, raising the molecular weight of the catalyst quite high. In comparison
to the following molecular tweezers by Lindqvist et al. [20], these chiral boranes are
positively enormous.
9.4 Chiral, enantioselective molecular tweezers
The quest for a chiral, hydrogen activating aminoborane that would reduce enamines
and imines enantioselectively finally culminated in the discovery of a chiral binaphthyl-
linked aminoborane(Figure 21). It was designed to have a rigid, asymmetric binaphthyl
core, thus keeping the amine and boron centers inflexibly in place. [20] The design had
the added benefit of the stable arene C–B bond in comparison to an alkyl bond.
The synthetic procedure is much the same as in my early experiments with the bi-
naphthyl based boranes: 1,1’-binaphthyl-2,2’-diamine from 2-naphthol, followed by
separation of the enantiomers, protection of the amine group, iodation of the other
amine group, modifying the amine part, linking the borane to the frame and finally
hydrogenating to create a salt. The great benefit of this synthesis route is the early,
quite fool proof method of enantiomer separation, as opposed to the late and rather
tricky separation by hydrogenation in the case of 13.
N
H
B(C6F5)2
H
14
Figure 21: The finished aminoborane in its salt form [20].
Naturally NMR was used as a first means of inspecting the structure of the resulting
aminiumborate(14). [20] It was found that there was a single, four-coordinate borane
species, and based on the fluorine spectrum it was possible to tell that the pentafluo-
rophenyl groups were diastereotopic. It means that they produce two sets of fluorine
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peaks: one set for each phenyl ring. They are in distinctly different positions in the
three dimensional space of the chiral molecule and are not identical or interchange-
able. The ammonium nitrogen could theoretically form another chiral center, but the
formation of diastereomers or epimerization wasn’t detected spectroscopically. That is
to say, the proton spectrum of the area around the ammonium center was clean and
didn’t give multiple peaks of the “same” group.
The structure was further examined by X-ray crystallography. [20] The boron center
was well protected by the diastereotopic pentafluorophenyls, and thus hindered. Fur-
thermore it was found that the pentafluorophenyl rings were arranged edge-to-face. In
more mathematical terms, the planes of the rings meet roughly perpendicularly. This
is thought to be an especially favourable structure for high enantioselectivity. The tor-
sional angle of N–H · · ·H–B isn’t straight, but it maintains a H · · ·H distance of 1.86 A˚
which is ideal for reversible hydrogen activation. All the structural facts therefore seem
most auspicious for this catalyst.
Indeed, the deep red solution of the neutral aminoborane forms the colourless salt 14
quantitatively in less than one minute. [20] At 80  the reverse, quantitative release of
hydrogen takes place within 15 minutes. That makes this new catalyst even faster at
activating hydrogen in both directions than the original, first phosphinoborane PCFB
by Welch et al. [3]
The catalytic activity and the favourable reaction conditions were first tested with a
single substrate, 1-benzylimino-1-phenylethane. [20] Quantitative hydrogenation was
achievable at elevated temperatures, but enantioselectivity was only moderate. In an
effort to improve it, different solvents were tried. There was a significant increase of
both activity and enantioselectivity in ethereal solvents in contrast to toluene.
After tweaking the reaction circumstances to suit the reaction better, the reactivity was
studied with a range of substrates. [20] Remarkably high FLP reactivity was observed
with small N -methyl imines, which really makes this catalyst stand out from the rest.
Usually the presence of small amines, as is the result of reducing small imines, reduces
the catalytic activity by forming adducts with the catalyst. Bulkier N -benzyl imines
also gave products in high yield and enantiopurity, though they required increased
catalyst loading and longer reaction time. The most sterically encumbered and least
31
basic imine in the series gave the poorest results: it wasn’t reduced quantitatively even
at elevated temperatures. This reverse substrate preference in comparison to other
FLP catalysts is an elaborate telltale sign of an exceptionally hindered borane.
With alkyl imines, the chemically similar groups on both sides of the carbon dou-
ble bonded to the nitrogen makes the stereoselective hydrogenation challenging. [20]
Nevertheless, the results were noteworthy in comparison to other FLPs.
Remarkably, N,N -symmetric enamines were quantitatively converted to the corre-
sponding amines with extremely high optical purity. [20] Unequal N -alkyl groups led to
decreased enantioselectivity, but not by any fault of the catalyst. The intermediate is
an iminium ion, thus facilitating E/Z isomerism, which results in the decreased enan-
tiopurity. However, N,N -dialkyl enamines are among the most challenging substrates
for transition metal catalysts, making these results important.
There was also a computational study into the mechanism of the hydrogen activation
and catalysis. [20] It was found that the barrier for the heterolytic splitting of H2
was fairly low, and clearly exergonic under standard conditions. However, the reverse
process becomes feasible at higher temperatures in nonpolar solvents. This makes
sense, as in the reverse reaction we want to undo the polarization of the hydrogen
molecule and create a neutral molecule.
There are two distinct steps in the mechanism of the hydrogen transfer to the sub-
strate: protonation of the substrate by moving the proton from the catalyst nitrogen
to the substrate nitrogen, and a hydride transfer process from the catalyst boron to
the substrate carbon. [20] The latter is likely rate-determining in the catalytic cycle,
because the energy barrier is slightly higher than that of the protonation. The origin
of the stereoselectivity also lies in the hydride transfer step. The hydride is embedded
in a chiral environment, and that enables the stereoselective attack of the iminium
ion. Essentially, it’s all about the energy difference of the competing transition states,
which is a result of a subtle balance between repulsive steric and attractive non-covalent
interactions in the last step.
Quite frankly the simplicity of its synthesis, its enantiopurity, high activity, enantiose-
lectivity, and remarkable results with previously difficult substrates make this catalyst
a serious contender in the field of metal-free hydrogenation.
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10 Catalysis experiments
The research that we had done around biaryls as a frame for chiral, hydrogen-activating
aminoboranes was an exploration on the way to find an intramolecular, metal-free
catalyst. Having tried the simpler models of the catalyst that did not cut it, I
had been excluding options from the pool, pushing the design of the catalyst to
the more complex. Finally, a catalyst that fit the definition of the goal was found,
(R) and (S )-N -isopropyl-N -methyl-2-ammonium-2’-bis(pentafluorophenyl)hydrobora-
te-1,1’-binaphthyl(14). I returned to continue the research, and as such my task was
to put the new catalyst through its paces. In my short involvement I did some prelim-
inary tests of the reduction reactions of certain imines and enamines to figure out the
optimal conditions for their maximal conversion and highest possible enantioselectiv-
ity. My involvement was mainly in the synthesis, hence determining the enantiomeric
excess did not fall under my duties.
10.1 Preparations
The Schlenk tubes were cleaned with cotton wool and acetone, followed by drying in
vacuum. The tubes were baked using a heat gun, and after cooling, they were flushed
with argon. The weighing of the catalyst 14 and substrates was done in a glove box
under argon atmosphere. The catalyst was stored in its salt form in a freezer inside the
glove box, as it disintegrates at room temperature. 1 ml of toluene or C6D6 was used
as the solvent. If the substrate was volatile, it was dissolved directly into the NMR
solvent. To fit more hydrogen into the reaction vessel, the usual caps were replaced
with 100 ml round-bottom flasks. The reactions were run under H2 at 2 bars. Some
of the substrates were already available, but some of the substrates were specifically
synthesized.
10.2 Results
All of the experiments with the catalyst, substrates, hydrogen, and their results have
been summarized in Table 2. The conversion percentage was determined by 1H NMR.
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Interestingly, substrates that have been favourable to FLP-type catalysts that have
Table 2: A summary of all the catalysis experiments.
Substrate Catalyst / mol-% t / h T /  Conversion / %
N
O 5 5 110 11
10 16 110 32
5 over night RT —
N
5 5 80 64
2 16 80 —
5 over night RT 48
N
5 5 RT 50
2 16 RT 44
5 6 RT 43
N
5 16 RT 100
5 6 RT 47
N 5 16 80 74
N 5 16 80 —
been reported before, seemed to be more problematic to the new catalyst, and in reverse
substrates that had been challenging to other catalysts seemed to be favourable. All of
this expands the selection of metal-free hydrogenation catalysts to allow for the end-
user to take their pick according to their substrate. The different substrate preference
of the catalyst is also evidence of the exceptionally hindered borane [20]. After these
results similar catalysis experiments were continued to find the optimal conditions for
each of the chosen substrates, hence the results listed in Table 2 are not part of the
published article. I have, of course, examined the catalyst and its peculiarities in more
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detail above.
11 Experiments in catalyst synthesis
Following the discovery of (R) and (S )-14 we were curious to explore the differences
in reactivity between boranes that had a similar structure. Therefore we set out to
experiment in the synthesis of a couple boranes we had in mind that had minute
differences between themselves, focusing on the alkyl group in the 2-position of the
binaphthyl.
After a long, fruitless struggle I personally wished to do something different, and there-
fore began to experiment with another type of catalyst. Its synthesis begins with cam-
phor, so I have dubbed them camphor catalysts. According to a computational study
there was a viable variant to the already reported, original camphor catalyst 13, and
it would be interesting to see their different reactivities. I have already discussed the
original camphor catalyst in more detail above.
11.1 Binaphthyls
Perhaps the biggest mistake we did in this research was the attempt to make enan-
tiomerically pure products from the start. Separating the enantiomers was not compli-
cated in itself, but it does take time. Hence it seems rather wasted when the following
reactions didn’t go over so well. Perhaps it might have saved some time to first attempt
to make racemic products to see how best to go about it. But that is all in hindsight,
and we could not have foreseen the many difficulties that lie ahead after the separation
of enantiomers.
The scheme was to first prepare 1,1’-binaphthyl-2,2’-diamine, then separate the enan-
tiomers using camphorsulfonic acid(CSA). Then from the pure enantiomers the de-
signed boranes could be synthesized from the di- or monoiodated species using n-bu-
thyllithium(nBuLi) and simple coupling reactions. However, things were a great deal
more complicated than that.
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We had a separate article for the monoiodation of the protected species. In the synthe-
sis procedure they claimed to have used a 5/1 mixture of acetic acid and water as the
solvent, and then used a water/ice bath for a considerable amount of time [21]. How-
ever, when attempting to repeat this procedure, we found out the hard way that acetic
acid freezes well above 0 . Therefore, we applied the article for the diiodation [22]
also for the monoiodation, though of course with halved amount of KI. However, the
incident resulted in difficult recovery of the R-enantiomer by extraction and purifica-
tion by flash chromatography, which led to partial loss of the substance. Furthermore,
upon attempting to apply the other iodation procedure to this recovered product, the
reaction didn’t work; so it seems that the product might not have been quite alright
anymore after the freezing incident.
The diiodation was simple enough to work, and it succeeded on first attempt. We
attempted to attach benzhydryl bromide to the diiodated species to replace one of the
iodines by utilizing nBuLi(Figure 22). However, the benzhydryl bromide dimerized
instead of linking to the binaphthyl. The product mixture was dissolved in diethyl
ether, filtered through silica in a Schlenk with a sintered glass disk, and dried in
vacuum. The 2,2’-diiodo-1,1’-binaphthyl was recycled — the dimer won’t affect the
reaction. It was subjected to another nBuLi reaction, and dry ice was added to receive
(1,1’-binaphthalene)-2-carboxylic acid [23]. We attempted to purify the acid by flash
chromatography and extraction to water phase using NaOH and back to organic after
making the water acidic, but still the NMR spectrum wasn’t very clean.
I
I
Br
nBuLi
I+
R
Figure 22: The benzhydryl bromide won’t link to the binaphthyl.
The monoiodation route was started over and the S-enantiomer was used for the pro-
tection reaction as well. After finishing protecting and applying the monoiodation, I
attempted to purify the product by flash chromatography (hexane/ethyl acetate 1:1),
but that wasn’t entirely successful either.
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I also attempted to synthesize more 1,1’-binaphthyl-2,2’-diamine, but the crystalliza-
tion utterly failed — the product came out of the solvent as a black oil, and did not
crystallize at all. Finally I came to the conclusion that it’d be easier to do the reaction
over than to continue playing with the oil.
It was attempted to link methyl to 2,2’-diiodo-1,1’-binaphthyl, but this reaction re-
sulted in such a complicated product mixture that there was no reasonable way of
purifying it. We attempted to link methyl and proton to the 2-position a few more
times before it was deduced that the iodated species is much too reactive, rendering
the lithiation reactions unselective, and thus undesirable.
After these failed reactions, 2,2’-dibromo-1,1’-binaphthyl was ordered and the reactions
to substitute one of the bromides with a proton or a methyl group succeeded. This
reaction was always repeatable, but linking the borane was extraordinarily difficult.
The first time I attempted it, due to miscalculation, I added too much of the borane.
After filtering and drying, the NMR proton spectra looked relatively good aside from
some shared impurities, but it’s the fluorine spectra that is the real bane of it.
The desired products are pictured in Figure 23. I am still not entirely sure whether or
not the B(C6F5)2 linking reaction worked as intended. The proton spectra before and
after the B(C6F5)2 linking are remarkably similar despite the before spectra being in
CDCl3 and the after spectra being in C6D6. Though, the proton spectra in benzene
B(C6F5)2 B(C6F5)2
15 16
Figure 23: The boranes we were trying to synthesize from 2,2’-dibromo-1,1’-
binaphthyl.
have some additional impurities to the right of the spectra. However, many of the
multiplicities can still be seen well. So, these proton spectra may let us understand
that the reaction worked, but they don’t quite match the reference spectra [24]. On
the other hand the fluorine spectra are the ones that are truly puzzling. Both of the
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samples show two sets of 19F peaks, both are in the format of 4F, 2F, 4F, and they are
in roughly set 1/set 2 1:2 proportion to each other, judging by integrals. Additionally,
they don’t match the reference [24], and the difference between the peaks isn’t even
constant within a set when compared to the reference. Moreover, the smaller peaks are
not consistently on the left of the larger ones: the rightmost peak is on the right side
of the larger peak. The spectra for supposed 15: 1H NMR (300 MHz, C6D6) δ 7.61
(dd, 2H), 7.54 (d, 1H), 7.44 (d, 1H), 7.33-7.20 (m, 3H), 7.19-7.09 (m, 2H), 7.08-6.98
(m, 2H), 6.96-6.87 (m, 1H), 6.84-6.75 (m, 1H); 19F NMR (300 MHz, C6D6), set 1 δ
−130.32 (d, 4F), −147.33 (dd, 2F), −161.65 (m, 4F), set 2 δ −130.97 (d, 4F), −147.68
(dd, 2F), −161.31 (m, 4F). The spectra for supposed 16: 1H NMR (300 MHz, C6D6)
δ 7.62 (dd, 2H), 7.54 (d, 1H), 7.45 (d, 1H), 7.28 (d, 1H), 7.20 (d, 1H), 7.13-6.97 (m,
4H), 6.90 (dd, 1H), 6.79 (dd, 1H), 1.90 (s, 3H); 19F NMR (300 MHz, C6D6), set 1 δ
−130.36 (d, 4F), −147.40 (dd, 2F), −161.68 (m, 4F), set 2 δ −131.00 (d, 4F), −147.71
(dd, 2F), −161.36 (m, 4F).
What really made me personally think that something was a bit off about the syn-
thesized catalysts were the few catalysis experiments we did. With 10 mol-% of the
catalysts, 2 bars hydrogen pressure and an over night reaction time, with substrates
1-benzylimino-1-phenylethane and N -(1-phenylethylidene)-methanamine, there was no
conversion at all. We even tried changing the solvent from C6D6 to methyl-t-butylether
and warming the reaction to 80 . If the catalyst was alright, this might be a prob-
lem of too low hydrogen pressure. But I personally lost faith especially after we also
paid more attention to the discrepancies between the NMR spectra of our products
and the reference. We also tried to make them just activate hydrogen with 2,2,6,6-
tetramethylpiperidine, but in the following NMR spectra the catalysts were hydrolyzed
— catalytically utterly dead. The fluorine spectra don’t resemble the earlier spectra
much at all. New NMR samples were made of the catalysts into C6D6, but they ap-
peared to be in the same state as before, so something must have happened to the
catalysts after they were weighed with 2,2,6,6-tetramethylpiperidine.
It was attempted to synthesize more of 15 and 16, and the protonation and methylation
reactions worked well. But upon adding the ClB(C6F5)2 in dry toluene to the mix,
the solutions turned bright red just like the original catalyst, which further argued for
the failure of the first syntheses which had not had any remarkable colour changes.
38
However, after a night of mixing at room temperature the solutions had turned yellow.
After being filtered through syringe filters and rinsed with hexane, the NMR samples
that were made showed no fluorine peaks at all. Evidently the linking reaction hadn’t
worked as intended. Though, I personally wonder, because of the red colour that
vanished, whether the linking happened but then dissociated. I am likely to never find
out.
As I was wondering whether or not the first synthesized catalysts were what they were
supposed to be, I was told that if the B(C6F5)2 linking had worked, it would not move
on silica. That is to say, a thin-layer chromatography(TLC) spot would not budge. So
I did TLC in dry toluene inside the glove box, and indeed some of the spot did not
move, but a significant spot had also travelled with toluene to the top. To me this
was evidence enough that everything was not as it was supposed to be, but Markus
disagreed and said it could just be some impurity — however, I am not convinced.
11.2 Camphor catalysts
After the binaphthyls, the synthesis of the camphor catalysts(Figure 24) was meant
to be a lot more straightforward, with significantly less purification steps. This would
make for a faster path from start to finish.
B(C6F5)2 B(C6F5)2
13 17
Figure 24: The original camphor catalyst 13 and the envisioned variant to it.
We prepared bis(pentafluorophenyl)borane first as it was a reagent that would be
needed later on in the process. However, we learned the hard way that the product
should have been dried in vacuum immediately — but we had not, thus the product was
gray in colour rather than white. The NMR spectra did not give us reason to worry,
but later when using this gray powder, we noticed that it never dissolved completely
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in toluene, making the solution cloudy, and after the linking reaction, the solution
remained cloudy and had to be filtered.
The first synthesis of 2-(3,5-dimethylphenyl)-1,7,7-trimethylbicyclo[2.2.1]hept-2-ene did
not succeed because we had decided to attempt to synthesize it by lithiating 1-bromo-
3,5-dimethylbenzene and then adding camphor on top, but the first attempt to lithiate
failed. Under the impression that the lithiation would be difficult due to the methyl
groups, the solution of nBuLi and 1-bromo-3,5-dimethylbenzene was stirred at room
temperature for two hours, which resulted in 1-butyl-3,5-dimethylbenzene. The second
time, nBuLi was added and after stirring for 30 minutes, camphor was added while
still cooling the reaction with a −78  bath, wherein lies the problem of the second
synthesis attempt. It later became clear to us that 1-bromo-3,5-dimethylbenzene in-
deed does react somewhat slowly with nBuLi, so having mixed these reagents together
for merely 30 minutes in extreme cold did not give nearly enough time for all of the
bromide to be replaced with lithium. However, we did not think of this immediately,
and rather wondered how on earth the peak for the proton next to the double bond
was so minuscule, and so we attempted to repeat the same synthesis, but changing the
solvent from dry THF to dry diethyl ether which was the solvent that had been used
in an earlier, successful synthesis. The synthesis in diethyl ether was partly successful
and there was enough product to be able to proceed to the next step. The synthesis of
1,7,7-trimethyl-2-phenylbicyclo[2.2.1]hept-2-ene succeeded on the first try, as already
lithiated phenyllithium was used in its synthesis(Figure 25).
O
nBuLi
Et2O
Ph
OH
SOCl2
pyridine
Ph
Figure 25: The steps of the synthesis before the linking reaction to the borane for
the original catalyst.
Later upon synthesizing more of 2-(3,5-dimethylphenyl)-1,7,7-trimethylbicyclo[2.2.1]-
hept-2-ene, the synthesis was done in dry diethyl ether, but in considerably warmer
conditions and allowing more time for the lithiation to take place, especially since the
reaction seems to proceed more slowly in diethyl ether than in THF. If the lithiation is
to be done in diethyl ether, it seems advisable to let the reaction happen at 0 , and
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for several hours.
Once we got to the B(C6F5)2 linking part in our race of hurdles, we had the problem
with the gray powder of HB(C6F5)2. After wasting some time trying to work with it, I
synthesized HB(C6F5)2 again to receive a clean, white powder. This newly synthesized
reagent dissolved completely into toluene and after the reaction the solution did not
require any filtration.
The next, last, and largest problem was the separation of diastereomers. In this case
the separation was based on the fact that one of the diastereomers activated hydrogen
much faster than the other, allowing us to hydrogenate the racemic mixture, creating a
salt of the faster reacting diastereomer, and then simply filter it out to receive separate,
pure diastereomers. The outstanding point of course is to find the perfect timing for
when to filter the salt out.
However, things were not quite so simple in practice. Both of the catalyst variants
did activate hydrogen with tri-tert-butylphosphine, but even after two hours of re-
action time, the salt we collected did not match the NMR spectra of either of the
diastereomers in our reference[17]. This could have just been impurities, but on a few
occasions I couldn’t get anything more to precipitate out of the solution. Furthermore
we tried more than once to create the exact circumstances of the reported separation
of diastereomers. We considered the effect of the area of the surface of the reaction
solution and all, but it did not seem to matter according to our experiments. Perhaps
given more time, I may have succeeded in separating the diastereomers, but alas I ran
out of time; I kept attempting the separation until the very end.
12 Assessment
In all three areas of my research, I had at least one problem which impeded progress.
Despite it never fell onto me to use the high performance liquid chromatograph(HPLC),
I did spend some time on the synthetic side to make substances to help troubleshoot
the machine. When one acquires analytic equipment such as the HPLC, one must be
prepared to maintain it. Not just electricity and solvents that are constantly consumed,
but also in spare parts. HPLC columns are not made to last forever, and they need
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replacing at some point. Thus, to strive to save money by putting off the purchase of
expensive laboratory equipment, actually leads to spending more money. While the
machine does not work as intended, all of the research that requires the use of the
machine come to a grinding halt. Therefore the researchers’ futile attempts to fix the
machine is a waste of time, and a waste of money. Furthermore, even if they managed
to get the machine to work somehow, it is questionable how reliable the results are
after that. It is a fact of the matter that good quality research, unfortunately, requires
money.
On the binaphthyls, the problems could not have been solved by money. From the
beginning that vein of research was too cumbersome and too wide for someone not
working full time — though such things may be difficult if not impossible to foretell.
However, from the start it was obvious that the plan contained many steps, and nearly
always purification by flash chromatography in between steps, which significantly slows
progress. As for the width of the research, we had planned at least four different
boranes, and there were at least one fork in the road quite early on in the plan: the
route of iodating as is, and the route of protecting and then iodating. By focusing on
a single path, perhaps more progress would have been made towards the borane(s) at
the end of it. Then again, it was relieving to be able to do something else for a while,
when things didn’t go so well in the other path.
Then there was of course the time wasted trying to work with the diiodated binaphthyls.
Attempting to purify them was already very difficult, and I tried different eluents. I
even came up with the idea to mix hexane and toluene as the eluent: the binaphthyls
dissolve well in toluene but do not move on the silica much at all in hexane.
Some of the flash chromatography I did was frustrating because on TLC some spots
had separated, but then they appeared together in more than one of the collected
fractions; despite having travelled through a reasonable height of silica gel, they had
not separated in the actual column. Of course also on the topic of flash chromatography,
I could grumble about the drawbacks of blind fraction collection. It is tempting to start
collecting smaller and smaller fractions, especially in difficult separations, but going to
much smaller fraction volume than that of a test tube would be folly.
The true goal of the binaphthyls was to create boranes, and then eventually get to
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the point where we could pair them with a suitable base and see how they do under
hydrogen and whether they bite on to the substrates. But it never got that far due to
what felt like insurmountable obstacles.
The camphor catalysts had their own problems in synthesis, but one that really im-
peded progress was the problem with HB(C6F5)2. When I initially did the synthesis,
it was the end of the day, so I asked whether it might be okay to just put the product
in the glove box rather than start drying it in vacuum immediately. We agreed that
it would probably be alright, despite the small amount of hexane that remained in the
Schlenk. So the next day, to our dismay, the product had turned from pure white to
gray. We were not concerned however, as the NMR spectra looked good. When it
turned out that it didn’t dissolve into toluene as it was supposed to, I did get con-
cerned, and after the first problems I actually wanted to synthesize it again, and this
time do it right: dry it immediately after the synthesis to gain the pure white powder.
However on this point as well I ran into the same obstacle of insistent obsession to save
money. Therefore I had to bang my head against the wall for a while to really, really
make sure that nothing could come out of playing with the gray powder, before I could
do as I had initially wanted: to do the synthesis again.
In my ventures in catalyst synthesis, I sometimes had great problems with either impu-
rities, or just with difficult or inconclusive NMR spectra. So much so, that I wished for
analysis methods besides NMR. From my earlier experiences with gas chromatograph
and mass spectrometer(GC-MS), I wished for something similar. A machine that would
tell me its conclusions of what my sample had eaten. But especially the binaphthyls
are probably too heavy to put through GC-MS. But I wished I could.
In the end the catalysis experiments were the most satisfying by far, and it was the
only one that really yielded any relevant results in the field of hydrogen activation and
catalysis. The best part was that even when nothing happened, it was still a result
of sorts. When beginning the research with binaphthyls, I was looking forward to the
catalysis experiments, and again with the camphor catalysts, but in both cases I never
got so far.
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13 Conclusions
The very first FLP, PCFB is unique from the others because the acid and base are para
to each other on a C6F4 ring and consequently don’t have close or direct interaction
with one another. Therefore the reaction mechanisms of hydrogen activation with
PCFB are decidedly different from the other FLPs that we have discussed.
While studying intramolecular FLPs, it was thought that in order to activate hydrogen,
the pair would have to fulfill proper electronic and steric conditions, as well as have
the basicity and acidity in good proportion to one another. At that time, it was also
thought that adduct formation would exclude hydrogen activation altogether.
However, two studies linked the adduct formation and hydrogen activation successfully.
In both cases the bridge was forged by an equilibrium state between the adduct and
free species. This demolished the notion that one would have to build a sterically
demanding environment around both the base and the acid.
The existence of a dihydrogen bond is an encouraging sign for the reversible reaction,
but it is not absolutely necessary. Moreover, the dihydrogen bond must be sufficiently
short, and the FLP must not have too strong interactions with the proton or the
hydride. Around this issue, studies with less acidic boranes are very encouraging, as
they demonstrate that it may be possible to modify a hydrogen activating FLP so that
the reaction becomes reversible. Based on the same studies, it seems that the Lewis
acid has a larger impact on the reversibility of the reaction than the Lewis base.
Further testimony to the discovery that it is not necessary to make both the acid
and base sterically demanding are the studies by Chernichenko et al. which feature
both an extremely small nitrogen center –NMe2 and the smallest boryl site –BH2.
These studies also represent an interesting approach which perhaps seeks to fill in
gaps between studies rather than covering entirely new ground with completely new
designs. A little bit of something old, a little bit of something new, and you might
just find a surprise, such as the possibility of direct kinetic measurements of hydrogen
activation.
It seems clear that in order to have significantly enantioselective catalysis, the catalyst
itself must introduce the element of chirality, in other words it must be chiral itself.
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When the catalyst is chiral, it may favour one orientation of the substrate, or even
exclusively accept only the one orientation to result in an enantiopure product. It
is debatable what is the best approach to achieve the best enantioselectivity, for we
have already seen examples of three different sort and all of them yielded reasonably
high enantiomeric excess for certain substrates. Based on studies by Liu et al. and
Lindqvist et al. however, it seems that to effect very high enantioselectivity with only
the borane as a catalyst (or intermolecularly with a counter base, as with Wei et al.),
the borane must be quite large. On the other hand we have only the two examples of
these for now, and to draw too strong conclusions would be folly.
What is very interesting however, is their different substrate preferences. It seems
that for very hindered catalysts, quite simple substrates are doable if not preferred.
Conversely, less hindered catalysts favour more hindered substrates. This makes sense,
because if both catalyst and substrate are very sterically demanding, how are they ever
going to get near enough to gain the necessary interactions? If neither are hindered,
only an adduct will result. Thus it is a field of specific tools for specific jobs, and
therefore it’s good to have a spectrum of catalysts to choose from according to the
substrate.
In designing new chiral catalysts, it seems one needs to consider how to implement
the element of chirality to the structure, the electronic and steric conditions, and the
acidity and basicity of the acid and base groups. Additionally one might consider the
structure forming by the base and acid centers and their bridge, with and without
the hydrogen. It seems that one might wish to avoid 6-membered rings in the salt,
as it lends further stability and may work against hydrogen release and catalysis. In
intramolecular designs, the acid will automatically be part of a bigger framework, and
thus tends to lose one of its pentafluorophenyl rings, lowering its acidity and weakening
the bond between the hydride and boron, which is all conducive to hydrogen release and
catalysis. On the other hand a 4-membered ring formed by the catalyst before hydrogen
activation, in other words adduct formation, might be a good way to introduce such
strain that there will appear an equilibrium between the ring and the open structure,
which may allow hydrogen activation.
To place the research I was involved in to the field, of course my catalysis experiments
45
demonstrate that the optimal reaction conditions and so on are not often produced on
the first attempt and require several tests to find out what works best for each sub-
strate. The binaphthyls fall in somewhere between the study by Liu et al. regarding
the binaphthyl based “ligands” for HB(C6F5)2 and the camphor catalysts, as it was
an attempt to create chiral boranes and see how they do in enantioselective catalysis.
Their structures of course somewhat resemble the boranes created in situ by Liu et al.
However, the boranes we had in mind would have been a great deal less complicated
and I would carefully estimate that they would not have produced nearly as wonderful
results. The work with camphor catalysts would have been an approach from computa-
tional studies to empirical, to see whether the variant 17 would really have performed
better than 13, as it should have according to computational studies.
Perhaps the camphor catalysts would have been worthwhile to continue as there might
have been more information there to gain relatively painlessly once one had managed
the separation of diastereomers. However, from the original catalyst to the variant, the
problem of diastereomer separation gets dragged in. Having spent a good amount of
time trying to solve this particular issue, I can say that the camphor catalysts aren’t
a very practical choice for a catalyst. If I was looking for a catalyst, I should like it to
be quite easy to use and not too time-consuming to prepare. The camphor catalysts
seem to take their sweet time to get ready to use.
Also based on my numerous difficulties with the binaphthyls, it may be worth it to
jump into the mire with them to gain whatever information they might have had for
science, but I doubt it would be commercially viable. There is no point in creating
a catalyst that is an utter nightmare to synthesize, unless it is the single miracle
solution available. Perhaps the patent we used for reference spectra was a well placed
bottleneck, after all. Therefore the in situ preparation of the borane seems a very
interesting approach. To some degree, I am of the opinion that it seems to be easier to
synthesize aminoboranes rather than plain boranes, and their final purification is quite
simple. It’s easy to simply isolate them as their hydrogenated salt from the solution,
and leave whatever impurities in the solution. However, this in situ approach might
just solve all those problems at once.
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14 Syntheses
14.1 Catalysts
14.1.1 1,1’-binaphthyl-2,2’-diamine
80 g(0,55 mol) of 2-naphthol was weighed, and together with 22,2 ml(0,29 mol) of 65
% NH2NH2 · H2O was put in a glass cylinder inside an autoclave. [25] The autoclave
was heated at 170–180  for 48 hours(Figure 26).
OH
NH2NH2 H2O
NH2
NH2
Figure 26: The reaction to synthesize 1,1’-binaphthyl-2,2’-diamine, the first step in
the process.
The very viscous gel was scraped from the glass cylinder to a 2 litre decanter and
gradually dissolved into ethyl acetate by repeatedly flushing the glass cylinder with
small amounts of the solvent and mixing it in the decanter. On top of the ethyl acetate
solution, an equal amount of hexane was added, but the product didn’t crystallize out
of the solution even after a couple of hours. The volume of the solvent was reduced
using a rotary evaporator. The solution was put back into a decanter and an equal
volume of hexane was added again. The product precipitated. The mixture was poured
into a sintered glass filter, and the separated, solid product was scraped to a 1 litre
round-bottom flask.
14.1.2 The separation of 1,1’-binaphthyl-2,2’-diamine enantiomers
The above synthesis of 1,1’-binaphthyl-2,2’-diamine results in a racemic mixture of the
two axially chiral enantiomers, and to receive an enantiomerically pure catalyst, they
must be separated.
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14,9 g(64,1 mmol) of L-CSA was weighed into a 100 ml round-bottom flask, and dis-
solved into 15 ml of ethanol and 9 ml of water. [26] The flask was kept in vacuum until
the solvent mixture bubbled, then flushed with argon. This was repeated three times.
The solid 1,1’-binaphthyl-2,2’-diamine in its 1 litre flask was dissolved into 370 ml of
CH2Cl2. The degassing by utilization of the vacuum and argon of the Schlenk line
was repeated for the resulting, blackish-red and cloudy solution. A mixing magnet was
added, and the CSA solution was poured into the 1 litre flask. The resulting mixture
was gently stirred before wrapping the flask into aluminum foil, with the cork tightly
in place. As such, the flask was placed inside a cupboard to be left undisturbed in the
dark over night.
The white precipitation was collected by use of a sintered glass filter. The solid was
moved into a flask to be dried in vacuum. The other enantiomer, which remained in
solution, was freed from the salt by pouring roughly 200 ml of 1 M NaOH over the
filtered solution. The edges of the round-bottom flask were rinsed with toluene.
The dried, solid S-enantiomer was dissolved again to a mixture of 40 ml CH2Cl2, 1,5 ml
ethanol, and 1 ml water to recrystallize it. The round bottom flask was stored again
in the dark, wrapped in aluminum foil, undisturbed over night. The precipitate was
separated by filtration, and then put into the same round-bottom flask with liberal
amounts of 1 M NaOH and some CH2Cl2 to dissolve the organic substances. After
several days of standing in its water/CH2Cl2 solution, the S-enantiomer was finally
extracted with CH2Cl2. This was filtrated using cotton wool and the solvent was
removed using a rotary evaporator. At this point, the weight of the product was about
6 g.
The R-enantiomer was attempted to recover by extraction with toluene, but to no
avail, so all of the solvents were removed using a rotary evaporator, and replaced with
water and ethyl acetate, but this didn’t do the trick either. However, the addition
of CH2Cl2 finally made the phases separate, and the aqueous phase was extracted
with CH2Cl2 until the extract stopped drawing colour from the water. The CH2Cl2
solution was dried over MgSO4. This was filtrated using cotton wool, and then the
solvents were removed using a rotary evaporator. At this point there was 7,8 g of
solid matter. Based on this the crystallization was repeated using 6,3 g(27,3 mmol) of
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D-CSA, 10 ml of ethanol, 4 ml of water, and 115 ml of CH2Cl2. The precipitation was
separated by filtration, and moved to a round-bottom flask. 1 M NaOH and CH2Cl2
was added to break the salt and dissolve the organics. Then the solution was extracted
with CH2Cl2. The organic extract was dried over MgSO4, and filtered using cotton
wool. The solvent was removed using a rotary evaporator. The R-enantiomer was also
recrystallized as above, but using 15 ml of CH2Cl2, 1 ml ethanol and 0,5 ml water,
and the store-time in the dark got prolonged to four nights, which resulted in the
considerably lower yield. After the recrystallization the procedure was the same as
above to receive 2,2 g(7,6 mmol) of the R-enantiomer.
14.1.3 2,2’-diiodo-1,1’-binaphthalene
3,0 g(10 mmol) of (S )-1,1’-binapthyl-2,2’-diamine was weighed into a 250 ml round-
bottom flask. [22] For solvent, 50 ml of CF3COOH was added. The flask was put into
an ice/water bath (0), and while mixing, 2,5 g(35 mmol) of NaNO3 was slowly added
into the flask. The solution was stirred for 15 minutes in the bath. 5 g(30 mmol) of
potassium iodide was dissolved into 200 ml of water in a decanter. While stirring this
solution with a glass rod, the reaction mixture was poured over it. For a while the
stirring was continued with a magnet, before extracting with CH2Cl2. The extract was
washed three times with water, twice with saturated NaHCO3, twice with saturated
Na2S2O3, and finally once more with water. The organic extract was dried over MgSO4,
and filtered using cotton wool. The solvent was removed using a rotary evaporator.
The product was purified by flash chromatography (hexane/ethyl acetate, 9:1). Some
impurities remained, but there were fractions that gave a relatively clean spectrum.
1H NMR (300 MHz, CDCl3) δ 8.05 (d, 2H), 7.93 (d, 2H), 7.71 (d, 2H), 7.51 (dd, 2H),
7.27 (dd, 2H), 7.08 (d, 2H).
14.1.4 2-bromo-1,1’-binaphthalene and 2-bromo-2’-methyl-1,1’binaphtha-
lene
497 mg(1,21 mmol) and 481 mg(1,17 mmol) of 2,2’-dibromo-1,1’binaphthalene was
weighed into two separate Schlenk tubes; and dissolved into 5 ml of dry THF under
argon atmosphere. They were put into −78  bath and stirred. 0,76 ml and 0,73 ml
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of nBuLi was added respectively, and the solutions were stirred for 30 minutes. 0,8 ml
of methyliodide was dissolved into 2 ml of dry THF and added into the first Schlenk.
0,1 ml of water in 2 ml of THF was added to the second Schlenk. The solutions
were mixed in the bath for an hour, and then left to mix over night at room tempera-
ture(Figure 27). Both products were purified by flash chromatography (hexane/toluene
9:1). 2-bromo-1,1’-binaphthalene 1H NMR (300 MHz, CDCl3) δ 7.78 (dd, 2H), 7.67 (d,
1H), 7.65-7.55 (m, 2H), 7.42 (dd, 1H), 7.33-7.19 (m, 3H), 7.09 (d, 2H), 7.03 (d, 2H).
2-bromo-2’-methyl-1,1’binaphthalene 1H NMR (300 MHz, CDCl3) δ 7.76-7.53 (m, 5H),
7.30 (d, 1H), 7.26-7.13 (m, 2H), 7.06-6.86 (m, 4H), 1.90 (s, 3H).
Br
Br
nBuLi
R
Br
R = H, Me
MeI or H2O
Figure 27: The replacement of bromide with a proton or a methyl group.
14.1.5 (S)-N -(2-amino-1,1’-binaphthalene-2’-yl)acetamide
To iodate only one of the amines of (S )-1,1’-binaphthyl-2,2’-diamine, one of them has to
be protected with a protecting group. This was achieved by acetylation(Figure 28).
N
H
NH2
O
Figure 28: A successfully protected amino group.
2,9 g(10,3 mmol) of (S )-1,1’-binapthyl-2,2’-diamine was dissolved into 100 ml of CH2Cl2
and 5,9 ml(103 mmol) of acetic acid. [27] The round-bottom flask was placed in an
ice/water bath, and mixed until cooled. 1,2 ml(12,3 mmol) of acetic anhydride was
added, and the solution was stirred for a while. 100 ml of 2 M NaOH was added to
the room temperature solution. The solution was extracted with CH2Cl2. The organic
extract was dried over MgSO4, and filtered using cotton wool. The solvent was removed
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using a rotary evaporator, and then the product was dried in vacuum. The product
was purified by flash chromatography (ethyl acetate). 1H NMR (300 MHz, CDCl3) δ
8.68 (d, 1H), 8.07 (d, 1H), 7.98 (d, 1H), 7.90 (dd, 2H), 7.48 (dd, 1H), 7.38-7.11 (m,
6H), 7.00 (d, 1H), 3.77 (broad, 2H), 1.89 (s, 3H).
14.1.6 1,7,7-trimethyl-2-phenylbicyclo[2.2.1]hept-2-ene
4,56 g(30 mmol) of R-(+)-camphor was weighed into a 100 ml two-neck round-bottom
flask and dissolved into a small amount of toluene, and then dried in vacuum. Under
argon 32 ml(60 mmol) of 1,9 M phenyllithium solution was added along with 5 ml
of dry THF to a 250 ml two-neck round-bottom flask in a −78  bath. The dried
camphor was dissolved into 5 ml of THF and added into the flask. The solution was
mixed in −78  for 20 minutes and then lifted out of the bath to be left to stir over
night at room temperature under argon.
10 ml of saturated NH4Cl was added into the flask in an ice/water bath. [17] The
phases were separated and the water phase was extracted with diethyl ether. The THF
and diethyl ether solutions were combined and dried over MgSO4. The solutions was
filtered through cotton wool, and the solvents were removed using a rotary evaporator
and drying the product in vacuum.
The product was dissolved into 20 ml of pyridine, and the flask was put into an ice/salt
bath. [17] 1 ml of thionyl chloride was slowly added, and the solution was mixed in an
ice/water bath for one hour. The flask was removed from the bath and the solution was
diluted with 30 ml of water. The resulting mixture was extracted with pentane. The
extract was washed with 2x30 ml 1 M HCl, 1x30 ml saturated NaHCO3, and 1x30 ml
saturated NaCl. Then the organic phase was dried over MgSO4, and filtered through
cotton wool. Solvents were removed using a rotary evaporator. The product was moved
to a smaller round-bottom flask using pentane, and then dried again in vacuum before
distilling the excess camphor out — vacuum, 80 , 3 hours. This product was further
purified by flash chromatography (pentane/ethyl acetate 30:1). 1H NMR (300 MHz,
CDCl3) δ 7.58 (d, 1H), 7.42 (t, 1H), 7.37-7.16 (m, 3H), 5.97 (m, 1H), 2.38 (m, 1H), 1.94
(m, 1H), 1.66 (m, 1H), 1.31 (m, 1H), 1.10 (m, 4H), 0.89 (s, 3H), 0.82 (s, 3H).
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14.1.7 2-(3,5-dimethylphenyl)-1,7,7-trimethylbicyclo[2.2.1]hept-2-ene
2,18 g(14,3 mmol) of R-(+)-camphor was weighed into a 100 ml two-neck round-
bottom flask and dissolved into a small amount of toluene, and then dried in vac-
uum. 4 ml(28,6 mmol) of 1-bromo-3,5-dimethylbenzene in 8 ml of dry diethyl ether
was placed under argon and into a −78  bath. 20 ml(31 mmol) of nBuLi was added
dropwise, and when the addition was complete, the flask was moved to an ice/water
bath. Stirring was continued for 2,5 hours. The camphor was dissolved in 4 ml of dry
ether and added into the reaction mixture, which was left to stir over night into the
slowly warming ice/water bath.
Thereafter the procedure was much the same as above, including purification by flash
chromatography (pentane/ethyl acetate 30:1). 1H NMR (300 MHz, CDCl3) δ 7.25-7.10
(m, 1H), 7.00-6.77 (m, 2H), 5.94 (m, 1H), 2.37 (m, 1H), 2.30 (s, 6H), 1.93 (m, 1H),
1.64 (m, 1H), 1.33 (m, 2H), 1.10 (s, 3H), 0.89 (s, 3H), 0.82 (s, 3H).
14.1.8 Bis(pentafluorophenyl)borane
In a glove box 2,5 g(6,5 mmol) of ClB(C6F5)2 was weighed into a Schlenk tube and
dissolved into 15 ml of dry hexane. 1,26 ml(7,9 mmol) of triethylsilane was added
and the solution was stirred for 10 minutes. Then the mixture was filtered through a
sintered glass filter into another Schlenk tube. The precipitation was scraped back into
the first Schlenk which was stored over night in the glove box. The white solid turned
grayish over the night. The collected liquid was left in the fume hood over night in the
open Schlenk tube to allow the forming HCl to escape before disposing of the waste.
The solid product was dried in vacuum. An NMR sample was made into C6D5. There
were two sets of 19F peaks in roughly 1:2 ratio to each other. 1H NMR (300 MHz,
C6D6) δ 4.23 (broad, 1H). C6D5.
19F NMR (300 MHz, C6D6) set 1 δ −133.44 (d, 4F),
−146.68 (dd, 2F), −159.32 (m, 4F), set 2 δ −129.17 (d, 4F), −142.05 (dd, 2F), −160.37
(m, 4F).
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14.1.9 3-(bis(pentafluorophenyl)methyl)-1,7,7-trimethyl-2-phenylbicyclo[2.2.1]-
heptane (17) and 3-(bis(pentafluorophenyl)methyl)-2-(3,5-dimethyl-
phenyl)-1,7,7-trimethylbicyclo[2.2.1]heptane (13)
In a glove box 173 mg(0,5 mmol) of HB(C6F5)2 was weighed twice into separate Schlenk
tubes, and 5 ml of dry toluene was added to both of them. 106 mg(0,5 mmol) of
1,7,7-trimethyl-2-phenylbicyclo[2.2.1]hept-2-ene was weighed and flushed into the first
Schlenk, and similarly 120 mg(0,5 mmol) of 2-(3,5-dimethylphenyl)-1,7,7-trimethylbi-
cyclo[2.2.1]hept-2-ene was weighed and flushed into the second Schlenk. These mixtures
were stirred vigorously for one hour at room temperature.
Due to the impurity of the HB(C6F5)2, the solutions were gray and cloudy from start
to finish, so after the reaction the solutions were put through syringe filters to obtain
clear solutions which were then evaporated to dryness in vacuum.
14.2 Substrates
14.2.1 1-(1-phenylethenyl)piperidine
A 250 ml two-neck round-bottom flask was flushed with argon before adding piperidine
(9,2 ml, 92 mmol) and acetophenone (2,4 ml, 20 mmol) under argon atmosphere. 20 ml
of dry hexane was used as the solvent. The flask was placed into an ice bath; TiCl4
(1,5 ml, 1,4 mmol) was dissolved in 10 ml of dry hexane in the dropping funnel, then
it was slowly added by letting it drip into the flask. The flask was removed from the
ice bath and it was left to stir at room temperature over night.
Some hexane was added and the mixture was removed from under the argon atmo-
sphere. The mixture was put through a sintered glass filter and collected in another
round-bottom flask. The solvent was removed using a rotary evaporator and then dry-
ing the flask in vacuum. The product was distilled under vacuum, using an oil bath
to provide heat. The distillate was kept under argon. It had turned from colourless
to yellow over night, so it was distilled again in the same manner. The product was
moved to the glove box where an NMR sample was made to deuterated chloroform.
1H NMR (300 MHz, CDCl3) δ 7.55-7.20 (m, 5H), 4.17 (s, 1H), 4.07 (s, 1H), 2.90-2.68
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(m, 4H), 1.70-1.40 (m, 6H).
14.2.2 1-(1-phenylethenyl)-pyrrolidine
Under argon, 6,5 ml(78 mmol) of pyrrolidine was added to a round-bottom flask
through a dropping funnel, and 40 ml of dry hexane was added in the same man-
ner. [28] The flask was put into an ice/water bath. 20 ml of dry hexane was put
into the dropping funnel along with 1,3 ml of TiCl4. This solution was slowly added
into the flask while stirring. Afterwards the dropping funnel was rinsed with further
20 ml of dry hexane. The flask was taken out of the bath to room temperature, and
2,2 ml(17,3 mmol) of acetophenone in 10 ml of dry hexane was added into the flask.
The mixture was left to stir for a while at room temperature. Then the mixture was
filtered through a sintered glass filter, and the solvent was removed using a rotary evap-
orator. The product was dried in vacuum and purified by distillation(Figure 29).
N
Figure 29: The finished substrate.
14.3 Hydrogenation by use of NaBH4
We were having trouble with the HPLC we used for determining the ee of the reduc-
tion products, so to help troubleshoot the HPLC and when exactly the signal for our
reduced substrates were to appear, some of the substrates were reduced using NaBH4.
Eventually the problems with the HPLC were resolved with a new column.
14.3.1 1-benzylimino-1-phenylethane
1-Benzylimino-1-phenylethane (200,8 mg, 0,96 mmol) was weighed to a 50 ml round-
bottom flask. 10 ml of methanol was added to act as a solvent. NaBH4 (72,6 mg,
1,9 mmol) was weighed onto a watch glass and slowly scraped off into the flask where
the solution was mixed. The solution was left to stir at room temperature in the open
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flask; thus the solvent had evaporated by the following morning. It was replaced by
ethanol. A little bit of 1 M HCl was mixed to a small amount of water which was added
to the solution. The solution was stirred and 1 M NaOH was added until the solution
turned white and cloudy. The solution was extracted with ethyl acetate. The extract
was dried over MgSO4, filtered through cotton wool, and the solvent was removed using
a rotary evaporator. The product was dried in vacuum and an NMR sample was made.
1H NMR (300 MHz, CDCl3) δ 7.45-7.18 (m, 10H), 3.81 (q, 1H), 3.61 (dd, 2H), 1.57
(broad, 1H), 1.37 (d, 3H). Full conversion.
14.3.2 4-methoxy-N -(1-phenylethylidene)benzenamine
4-methoxy-N -(1-phenylethylidene)benzenamine (225,3 mg, 1 mmol) was weighed to a
50 ml round-bottom flask. 10 ml of ethanol was used as the solvent. The solution was
mixed while gradually scraping the weighed NaBH4 (76,7 mg, 2 mmol) off the watch
glass into the flask. The solution was left to stir in the open flask. Then the procedure
was the same as above. 1H NMR (300 MHz, CDCl3) δ 7.40-7.17 (m, 5H), 6.68 (d, 2H),
6.46 (d, 2H), 4.40 (q, 1H), 3.67 (s, 3H), 1.48 (d, 3H). Full conversion.
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